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EXECUTIVE  SUMMARY 


4, 


*  Vortical  flows  are  an  inevitable  feature  of  almost  all  flow  fields  of  aeronautical  interest.  For  example,  they  arise 
from  leading  and  trailing  edges  of  wings,  from  bodies  at  high  angles  of  attack  and  are  always  evident  in  separated  flows. 
They  can  have  major  effects  on  the  loading  of  surfaces  with  which  they  interact.  They  are  sometimes  stable  and  well 
ordered  and  their  effects  can  then  be  beneficient  and  exploitable,  but  when  unstable  their  effects  are  generally  adverse. 
To  expand  the  flight  envelopes  and  controllability  of  modern  aircraft  we  need  to  improve  considerably  our 
understanding  of  such  flows  as  they  are  at  the  root  of  many  important  design  problems.  vThe  aim  of  the  Symposium  was 
therefore  to  reveal  the  current  state  of  our  understanding  and  to  provide  useful  guideline*  for  future  research. 

^The  Symposium  was  divided  into  five  sessions  with  the  following  topic  headings:  Fundamental  Generation  and 
Structure  of  Vortical  Flows,  Interaction  of  Vortical  Flows  with  Surfaces,  Modelling  and  Computing,  Stability  and 
Breakdown  of  Vortical  Flows,  Control  and  Exploitation  of  Vortical  Flows.  -A  final  but  regrettably  brief  period  was 
devoted  to  a  review  of  main  impressions  of  the  Symposium  presentedJ>yJJJ<lB.Smith  followed  by  a  general  discussion. 

v  >  The  papers  showed  that  in  all  the  main  areas  of  interest  considerable  progress  has  been  made  in  recent  years,  but 
much  remains  to  be  done.  We  have  .1  good  topological  basis  for  describing  separated  flows  and  the  associated  vortical 
flow  regions;  the  computation  of  inviscid  models  (e.g.  panel  methods,  Euler  equation  solutions,  convected  vortex 
element  methods)  is  developing  well;  and  practical  forms  of  control  and  exploitation  have  been  successfully 
demonstrated.  T)ur  understanding  of  interaction  effects  has  made  good  progress  as  a  result  of  some  well  planned  experi¬ 
mental  work  cotelfcd  with  comparisons  with  theory.  The  stability  and  breakdown  of  vortical  flows  is  an  important 
subject  of  mujth 'complexity  and  a  lively  source  of  controversy,  but  the  main  qualitative  features  are  becoming 
understood.  \ 


However,  much  research  remains  to  be  done  and  the  main  problem  areas  appear  to  be. 

1 )  The  inclusion  of  viscous  effects  and  associated  effects  of  scale  in  the  theoretical  models.  -  in  particular  secondary 
separations  need  to  be  modelled  realistically. 

2)  The  need  to  eliminate  the  dependence  of  current  models  on  some  prior  knowledge  of  the  separation  line  positions. 

3)  The  need  for  more  sets  of  good  data  for  comparison  with  the  predictions  of  theoretical  methods. 

4)  The  need  for  criteria  for  breakdown  relevant  to  the  main  types  of  vortical  flow  that  occur  on  aircraft. 


5)  Current  knowledge  of  dynamic  effects  is  very  inadequate  and  needs  expanding. 

6)  The  effects  of  stores  and  store  pylons  on  vortical  flows  are  not  well  understood. 

7)  The  use  of  boundary  layer  control  for  vortical  flows  is  very  promising  and  further  work  is  needed. 


A.D.YOUNG, 
Symposium  Chairman. 
July  1983. 
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1.0  INTRODUCTION 


About  typical  flight  vehicles,  three-dimensional  (3D)  flow  separations  emanating  from  separation  lines 
oblique  to  the  general  flow  direction  tend  to  roll  up  into  tightly  coiling  vortex  motions.  One  readily 
familiar  example  is  the  trailing- vortex  system  behind  a  high-aspect-ratio  lifting  wing,  where  the  separation 
lines  occur  at  the  wing  tips  and  extend  around  and  along  the  trailing  edges.  Even  on  this  simple  configura¬ 
tion,  when  flaps  are  deflected  the  ensuing  vortical  wake  is  very  complex  because  of  a  multitude  of  additional 
separations  located  at  the  side  edges  of  the  flap  components. 

Associated  with  the  use  of  a  large  sweep  angle  on  a  wing,  often  coupled  with  a  leading-edge  extension, 

3D  vortical  flows  generated  ahead  of  the  trailing  edge,  at  or  near  the  leading  edge  itself,  have  become 
increasingly  evident.  Such  leeside  flows  are  usually  well-ordered  structurally.  As  a  result,  designers  of 
combat  aircraft  and  missiles  have  sought  to  exploit  these  axial  vortex  motions  to  good  effect  in  meeting 
speed  and  maneuver  requirements. 

At  this  time,  our  understanding  of  such  flows  remains  essentially  qualitative.  For  particular  configura¬ 
tions  like  the  slender  wing,  flow  separations  are  controlled  in  the  sense  that  separation  lines  are  fixed  at 
the  sharp  leading  edges,  and  from  the  results  of  many  experiments  we  now  possess  a  fine  knowledge  of  the  flow 
field.  In  fact,  the  study  of  this  flow  example  over  the  last  thirty  years  has  allowed  us  to  extrapolate  our 
findings  and  appreciate  the  physics  of  3D  separations  materializing  on  many  other  bodies  at  high  angles  of 
attack.  Two  phenomena  significantly  restricting  the  use  of  vortical  flows,  however,  are  the  readiness  of 
leeward  vortices  to  develop  asynmetrically  (particularly  those  from  slender  forebodies),  or  to  develop  spiral 
or  axisymmetric  modes  of  breakdown.  A  direct  result  of  vortex  breakdown  is  aerodynamic  buffet,  where  the 
intensity  builds  up  as  the  vortex  breakdown  point  moves  forward  from  the  trailing  edge  (as  angle  of  attack 
increases  further)  and  affects  a  significant  surface  area  of  the  wing. 

AsynweLry  and  breakdown  are  frequently  encountered  together  when  a  fighter  airplane  flies  under  conditions 
of  high  angle  of  attack  with  sideslip.  When  the  vortical  flow  is  antisymmetric,  large  side  forces  and  yawing 
moments  may  be  generated.  These  moments  may  be  unsteady,  and  they  may  be  larger  than  counteracting  moments 
available  from  the  maximum  deflections  of  the  control  surfaces.  Moreover,  there  may  be  additional  constraints 
of  low  observable  technology  and  V/STOL  (or  STOVL)  capability  imposed,  whereby  propulsion-system  inlets  may 
be  imnersed  in  the  leeside  vortical  wake  causing  a  major  impact  on  the  distortion  levels  in  the  internal -flow 
ducting.  The  control  of  the  development  of  the  leeward  vortex  wake  is  hence  crucial  to  flying  capably  at  very 
high  angles  of  attack  under  controllable  and  stable  conditions. 

Other  specialized  vehicles,  such  as  rotorcraft,  are  flying  with  parts  of  the  airframe  inwersed  in  heavily 
Interacting  vortical  flow  fields  from  the  rotor,  throughout  the  entire  flight  envelope.  One  concept  under 
development,  the  tilt-rotor  aircraft,  utilizes  an  innovative  propulsion  system  that  combines  the  benefits  of 
high-speed  forward  flight  (with  the  rotor  axes  pivoting  to  near  horizontal)  with  V/STOL  capability  (the  rotor 
axes  close  to  vertical).  In  the  flight  transitional  phase  of  rotating  the  thrust  vector,  the  vortical  wakes 
from  the  rotors  may  have  a  large  Impact  on  tail  surfaces,  if  improperly  positioned. 

The  following  photographs  (Figs.  1-22)  vividly  Illustrate  these  introductory  remarks. 
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ISSUES 

Having  presented  a  foundation  for  where  vortical  flows  are  Important  In  aerodynamic  design,  we  now  pre¬ 
sent  some  pertinent  issues  concerning  our  knowledge  and  understanding  of  30,  viscous  vortical  flows.  For 
instance: 

1.  Do  we  have  an  unambi quous  definition  of  separation  in  three  dimensions? 

2.  Do  we  understand  the  structure  and  mechanisms  of  separation  and  the  ensuing  coiled-up  vortical 
motions? 

3.  Is  it  possible  to  formulate  a  principle  that  will  distinguish  between  the  scale  of  vital  and 
unimportant  organized  vortical  structures? 

4.  Can  we  exploit  the  well -organized  vortex  motions  for  significant  benefit  when  they  are  stable? 

5.  Do  we  understand  the  instability  mechanisms  leading  to  vortex  breakdown  and  leeside  wake  asymmetries 
at  high  angles  of  attack? 

6.  Do  we  understand  the  implications  of  vortices  interacting  with  local  flow  fields  about  the  wing  and 
tail  surfaces? 

7.  Can  we  exercise  control  over  these  Interacting  vortical  flow  fields? 

8.  Can  we  use  the  Navier-Stokes  equations,  assumed  to  govern  fluid  motion,  to  compute  vortical  flows 
about  complex  aerodynamic  configurations  at  high  angles  of  attack? 

9.  If  not,  with  appropriate  simplifications  of  the  Navier-Stokes  equations,  and  with  our  current  under¬ 
standing  of  modelling  turbulence,  are  we  able  to  compute  vortical  flows  about  chosen  aerodynamic  components 
at  high  Reynolds  numbers? 

10.  Can  modelling  the  vortical  flows  by  essentially  inviscld  approaches  provide  us  with  satisfactory 
Insight  into  the  flow  physics? 

Let  us  now  attempt  to  address  each  of  these  Issues  in  turn.  In  so  doing,  we  hope  to  provide  some 
responses  that  will  provoke  thoughtful  reflection  and  spark  additional  needed  research,  both  experimental 
and  computational,  in  using  3D  vortical  flows  to  maximum  benefit  In  rational  aerodynamic  design.  Strong 
consideration  must  be  given  to  understanding  the  mean  and  fluctuating  3D  flow  structure  and  how  the  vortices 
can  be  controlled  actively  or  passively. 
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ISSUES 


•  DO  WE  HAVE  AN  UNAMBIGUOUS 
DEFINITION  Of  SEPARATION  IN 
THREE  D!MENSION|MjES  -  IF  A 
SEPARATION  LlN^^^BIOERED 
ALWAYS  TO  f^fBoy  A 
SADDLE  POINT. 
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Complications  arise,  however,  because  flow  configurations  exist  where  the  conditions  for  3D  separation 
appear  to  be  present:  skin-friction  lines  on  the  body  Surface  converge  onto  a  particular  line  and,  in  cross- 
flow  planes,  streamlines  corresponding  to  trajectories  of  the  velocity  components  in  Lhese  crossflow  planes 
roll  up  around  what  appear  to  be  vortex  cores.  But  within  the  limits  of  numerical  or  experimental  resolution, 
the  particular  skin-friction  line  on  which  others  converge,  does  not  appear  to  emanate  from  a  saddle  point. 
Frequently,  it  appears  to  emerge  from  the  region  of  the  attachment  node  'i.e.,  stagnation  point)  or  the  nose 
of  the  body.  An  jppropnate  example  is  offered  for  consideration  in  Fig.  2 4,  where  both  primary  and  secondary 
separation  lines  on  the  leeside  of  a  missile  body,  obtained  on  a  surface  oil-flow  pattern,  car  be  considered 
continuously  traceable  to  the  stagnation  point.  Nevertheless,  the  eruption  of  fluid  away  from  tne  body  is 
confined  to  those  areas  downstream  of  which  we  first  picture  the  very  rapid  convergence  of  skin  friction 
lines,  i.e.,  on  the  cylindrical  afterbody. 

Indeed,  the  question  of  ai  adequate,  yet  convincing,  description  of  3D  separated  flow  arises  with 
especial  poignancy  when  one  acks  how  3D  separated  flow  patterns  originate  and  how  they  succeed  one  another  as 
the  relevant  parameters  of  the  problem  (e.g.,  angle  of  attack,  Mach  number,  and  Reynolds  number)  are  varied. 

In  a  past  essay  (Refs.  1  and  2)  we  proposed  to  answer  this  question  by  placinq  an  extension  of  a  hypothesis 
of  Legendre  (Ref.  3)  that  skin-friction  lines  comprise  a  continuous  vector  field,  wherein  the  singular  points 
of  the  field  can  be  categorized  mathematically,  within  a  framework  broad  enough  to  include  the  notions  of 
topological  structure  and  structural  stability  coupled  with  arguments  from  bifurcation  theory.  From  this 
rational  framework  emerged  the  concepts  of  local  and  global  separation  (again,  see  Refs.  1  and  2)  wherein  a 
separation  line  was  considered  as  starting  at  a  nodal  singular  point  or  a  saddle  singular  point,  respectively. 
The  local  concept,  in  fact,  implies  that  when  the  separation  line  appears,  no  new  singular  points  form  on  the 
surface  or  in  the  flow  field  to  alter  the  topology.  Conversely,  the  development  of  a  global  separation  line  is 
connected  categorically  with  the  appearance  of  a  new  saddle/node  pair  on  the  surface  and  a  new  3D  singular 
(zero-velocity)  point  in  the  external  flow. 

Upon  admitting,  however,  that  no  computational  or  wind-tunnel  experiments  of  which  we  are  aware  give 
incontrovertible  evidence  in  support  of  the  absence  (or  the  presence)  of  saddle  singular  points  originating 
at  lines  of  local  separation  (in  contrast  to  clear  evidence  of  a  saddle/node  pair  commencing  at  a  global 
horseshoe  shaped  separation  line),  we  may  perhaps  offer  an  inference  from  a  knowledge  of  the  structure  of  the 
external  flow  in  the  case  of  local  separation. 

Matters  are  clarified  If  we  accept  the  existence  of  a  coiling  vortical  motion  downstream  (we  use  Fig.  24 
once  more  to  aid  the  discussion),  where  the  3D  separation  lines  are  pronounced.  There,  a  particular  stream¬ 
line  in  the  external  flow  is  along  the  axis  of  the  core  of  the  rolled-up  fluid.  Just  as  in  the  case  of  a 
global  separation,  we  can  form  a  stream  surface  which  includes  this  particular  streamline  In  the  external 
flow  and  the  skin-friction  line  on  the  surface  which  has  become  the  line  of  separation.  We  can  then  trace 
the  paths  of  these  two  particular  lines  upstream,  and  it  Is  clear  that  the  core  streamline  will  be  in  close 
proximity  to  the  surface  as  the  nose  Is  approached.  The  question  of  the  origin  of  the  local  separation  then 
reduces  to  the  behavior  of  the  stream  surface  In  the  Immediate  vicinity  of  the  nodal  point  of  attachment  at 
the  nose.  The  problem  of  resolving  the  flow  detail  at  the  nose  forces  us  to  consider  two  alternative  possi¬ 
bilities:  either  the  core  streamline  passes  upstream  to  infinity,  In  which  case  the  separation  Is  Indeed 
local;  or  It  terminates  in  a  focal  singular  point  In  the  flow  or  on  the  surface.  In  which  case  the  line  of 
separation  would  originate  at  a  saddle  point  and  the  separation  Is  global.  We  argue  that  Inasmuch  as  we  have 
been  able  to  single  out  these  lines,  each  must  have  a  special  property,  which  we  suggest  manifests  Itself  by 
origination  at  focal  and  saddle  singular  points. 

We  are  suggesting,  then,  that  If  a  colling  vortex-type  flow  Is  admitted  downstream,  the  core  streamline 
must  emanate  from  an  upstream  singular  point,  no  matter  how  obscured  the  singular  point  may  be  by  a  lack  of 
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resolution  in  numerical  and  wind-tunnel  experiments.  Under  these  circumstances,  we  must  allow  a  combination 
of  saddle/node  singular  points  (see  Fig.  25)  in  the  stagnation  region  at  the  nose  not  unlike  the  choice  of 
patterns  proposed  very  much  earlier  by  Legendre  (Ref.  3)  and  Lighhill  (Ref.  4).  This  argument,  if  acceptabl 
would  lead  us  to  favor  the  second  alternative,  which  suggests  that  all  3D  separations  where  coiling  vortex 
motions  exist  are  global  events  (see  also  Legendre,  Ref.  16). 
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We  have  a  good  understanding  In  mean-flow  terms  In  that  we  know  how  to  draw  topological  structures  of 
separated  flows  and  we  can  envision  how  the  structures  manage  to  undergo  topological  changes  with  variations 
of  the  governing  parameters  (e.g.,  angle  of  attack).  We  do  not  yet  have  a  firm  grasp  of  the  relation  between 
structural  features  and  physical  quantities  such  as,  e.g.,  surface  pressures,  turbulence  quantities,  etc. 

We  do  not  yet  know  how  to  predict  conditions  for  the  emergence  of  singular  points  or  for  their  subsequent 
changes  in  number  and  form. 


ISSUES 


•  IS  IT  POSSIBLE  TO  FORMULATE 
A  PRINCIPLE  THAT  WILL 
DISTINGUISH  BETWEEN  THE 
SCALE  OF  VITAL  AND 
UNIMPORTANT  ORGANIZED 
VORTICAL  STRUCTURES? 
UNKNOWN  AT  THIS  TIME 


FLOW  BEHIND  CAMBERED  DELTA  WING 
AT  NL»  -  1.M 
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One  of  the  several  processes  of  transition  is  frequently  characterized  by  the  appearance  of  arrays  of 
vortices  with  axes  slightly  skewed  from  the  local  external  flow  direction  when  the  body  is  at  low  angle  of 
attack.  In  Fig.  27,  where  a  cambered  slender  wing  is  shown  at  1°  angle  of  attack,  we  see  a  row  of  near¬ 
circular,  small  black  patches  behind  the  inner  part  of  the  wing;  with  increasing  angle  of  attack,  the  row  of 
patches  disappears.  Maltby,  in  Ref.  6,  considers  that  these  patches  represent  a  row  of  streamwise  vortices 
in  the  boundary  layer  that  are  caused  by  an  instability  of  the  3D  shear  flow  in  the  region  of  the  cambered, 
swept  leading  edge.  It  has  also  been  inferred  by  McDevitt  and  Mellenthin  in  Ref.  7  that  these  vortices  exist 
on  cones  at  high  Mach  number;  some  of  their  representative  results  are  shown  in  Fig.  28.  This  figure  1 1 
trates  an  oil-film  study  on  a  10°  half-angle  cone  c,t  5°  angle  of  attack  with  a  transitional  attached  boundary 
layer  immersed  in  a  Mach  7  A  airstream.  In  the  laminar  region  of  the  flow  near  the  cone  apex  and  on  the 
windward  side,  the  delicate  pattern  of  the  skin-friction  lines  has  a  distinctively  different  appearance  and 
direction  from  that  farther  back  on  the  leeside.  This  regular  pattern  of  leeward  streak  lines  (separation 
lines?)  is  thought  to  be  indicative  of  the  existence  of  streamwise  vortices  entrained  within  the  boundary 
layer.  Clearly,  the  presence  of  the  vortices  substantially  alters  the  appearance  and  the  direction  of  the 
local  skin-friction  line  pattern  reflecting  the  interaction  between  the  vortices  and  the  mean  crossflow. 

Another  example  is  depicted  In  Fig.  29,  where  similar  evidence  of  small-scale  streamwise  vortices  immersed 
within  the  boundary  layer  on  a  hemisphere  cylinder  in  transonic  flow  is  shown.  It  is  unclear,  however, 
whether  small-scale  vortices  of  this  type  are  the  precursors  to  3D  separation,  whether  they  are  modifiers, 
whether  their  effect  is  relatively  minor,  or  whether  all  or  some  of  these  conditions  apply.  In  hypersonic 
flow,  we  might  expect  that  these  arrays  of  vortices  could  influence  the  heat  transfer  to  the  body  -  at  high  and 
low  Mach  numbers,  the  answer  is  that  we  do  not  understand  the  physical  processes  that  are  underway.  This 
scenario  Is  similar  to  the  modelling  question  in  turbulent  flows,  resembling  also  the  phase  transition  phenom¬ 
ena  in  chemistry  and  physics.  Advanced  concepts  are  definitely  required  so  that  modelled  equations  average 
out  the  small-scale  structures  and,  at  the  same  time,  give  the  correct  bifurcation  behavior  at  the  appropriate 
critical  Reynolds  number(s). 


EVIDENCE  OF  VORTICAL  STRUCTURES  ON 
CONE  AT  ANGLE  OF  ATTACK 


EVIDENCE  OF  VORTICAL  STRUCTURES  ON  HEMISPHERE 
CYLINDER  AT  ANGLE  OF  ATTACK 


ISSUES 

•  CAM  WE  EXPLOIT  THE  WELL-ORGANIZED  VORTEX  MOTIONS  FOR 
SIGNIFICANT  BENEFIT  WHEN  THEY  ARE  STABLE?  YES 
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When  a  3D  boundary  layer  detaches  from  the  surface  It  will,  almost  without  exception,  leave  along  a  swept 
separation  line,  rolling  up  In  the  process  Into  a  well -organized  nominally  steady  vortical  motion.  The 
underlying  mechanism  appears  to  be  independent  of  both  Reynolds  number  and  Mach  number,  although  under  laminar 
conditions  the  flow  features  are  normally  more  exaggerated.  Hence,  the  overall  details  of  many  flows  of 
practical  Interest  can  be  determined  In  a  water-tunnel  facility,  in  which  aircraft  and  missile  designers  can 
make  changes  to  configurations  quickly  and  cheaply. 

It  Is  clear  that  when  the  leeslde  3D  separated  flow  fields  are  symmetric  and  stable,  whether  from  the 
forebody  or  from  other  sharply  swept  edges  farther  downstream,  the  suction  pressures  induced  by  the  colling 
vortex  motions  can  add  substantial  nonlinear  components  to  the  normal  force  as  angle  of  attack  is  Increased. 
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The  enhancement  to  the  lift  on  a  body  provided  by  leeslde  streaming  vortical  motions  is  eventually 
limited  when  breakdown  of  the  vortices  occurs  over  the  body.  Currently,  there  Is  no  theory  available  to 
predict  the  effect  of  vortex  breakdown  on  the  lift  of  an  aerodynamic  configuration.  According  to  Wedemeyer 
(Ref.  8),  explanations  for  vortex  breakdown  can  essentially  be  divided  into  two  categories:  those  that  relate 
breakdown  to  an  instability  mechanism  and  those  that  do  not.  The  two  forms  of  vortex  breakdown,  called  the 
bubble  (axi symmetric)  form  and  the  spiral  form,  are  frequently  assumed  to  be  different  phenomena,  although  the 
bubble  form  Is  rarely  found  about  a  moving  aircraft.  Based  on  experimental  observations,  the  bubble  form 
appears  to  be  the  result  of  a  change  In  topology  only  rather  than  related  to  a  flow  Instability;  to  the 
contrary,  the  spiral  form  of  breakdown  is  considered  to  be  initiated  by  an  instability  resulting  from  an 
amplification  of  spiral  perturbations. 

All  theories  predict  vortex  breakdown  to  occur  within  the  experimentally  observed  range  of  swirl  angles 
and  the  sensitivity  of  breakdown  to  the  severity  of  axial  pressure  gradients.  No  theory,  however,  yields  the 
flow  detail  In  the  breakdown  zone,  nor  an  accurate  location  of  breakdown  to  compare  with  experimental  results. 


Hypotheses  have  been  advanced  to  explain  the  phenomenon  based  on  the  use  of  the  Impulsive  flow  analogy 
and  the  stability  of  the  flow  past  a  2D  circular  cylinder.  Details  of  the  assumptions  In  these  hypotheses  are 
explained  in  Ref.  9.  A  typical  flow  topology  in  cross-section  Is  depicted  on  Fig.  33,  illustrating  the 
conceptual  side-to-slde  structural  development  of  the  subsonic  flow  about  a  slender  forebody  of  nose  semi -apex 
angle,  9C. 

Let  us  assume  an  asynmetrlc  disturbance  to  originate  at  the  nose,  of  the  same  rotation,  say,  as  the  po-l 
side  primary  vortex.  If  this  disturbance  amplifies  In  the  vicinity  of  the  enclosing  saddle  point  as  a  conse¬ 
quence  of  Instability  of  the  Inflexional  velocity  profiles,  there  will  be  an  effective  Increase  in  the  vortlc- 
1 ty  of  the  port-side  primary  vortex.  This  vortex  will  enlarge  slightly  and  move  away  from  the  surface  as 
shown  in  Fig.  33(a).  As  the  relative  Incidence  Increases  up  to  3.2,  the  feeding  shear  layer  continues  to 
•.tretch,  as  shown  in  Fig.  33(b).  At  a  relative  Incidence  of  3.3,  In  conjunction  with  the  appearance  of  gross 
unsteadiness  of  the  secondary  vortices,  the  elongated  shear  layer  Itself  passes  through  a  shedding  stage,  as 
shown  in  Fig.  33(c),  until  at  a  relative  Incidence  of  3.4  there  Is  definitive  evidence  of  a  third  spiral 
vortex  motion,  as  shown  In  Fig.  33(d).  In  order  that  the  two  vortices  of  the  same  rotational  direction  be 
able  to  coexist  In  tandem  on  the  left-hand  side,  the  rules  of  topology  (Ref.  10)  Instruct  us  that  a  new  saddle 
point  must  be  Inserted  between  them,  as  shown  In  Fig.  33(c).  As  the  relative  Incidence  increases  still 
further,  the  starboard-side  primary  vortex  begins  to  grow,  as  shown  In  Fig.  33(d)  and  (e),  resulting  even¬ 
tually  in  the  repetition  of  the  shedding  process  for  the  opposite  side;  these  Incidences  at  which  shedding 
occurs  correspond  with  the  maximum  Induced  side  loads.  Note  that  the  one  crossflow  streamline  emanating  from 
the  enclosing  saddle  point  to  the  body  at  A1  as  shown,  for  example.  In  Fig.  33(e),  always  partitions  the  left- 
and  right-hand  sides  of  the  wake.  Except  during  the  shedding  process,  each  flow  field  Is  composed  of  well- 
organized  spiral  vortex  motions. 
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The  leading-edge  extension,  or  LEX  as  it  is  coimonly  called,  offers  the  advantage  that  induced  lift, 
provided  by  the  vortices  from  the  sharply  swept  edges,  can  be  used  beneficially  to  extend  combat-maneuvering 
capabilities.  These  benefits  can  include  an  elevation  in  maximum  lift  that  is  now  available  at  a  higher 
angle  of  attack,  an  improved  steadiness  in  rolling-moment  performance,  and  lower  root-mean-square  wing-root 
bending  moments,  as  representative  examples.  It  also  appears  that  in  transonic  flow,  the  vortex  from  the  LEX 
avoids  the  necessity  for  the  formation  of  the  usual  forward  branch  of  the  wing  shock  pattern  by  providing  a 
"soft"  boundary  for  the  flow  turning  Inboard  over  the  leading  edge,  instead  of  the  "sti cf”  boundary  given  by 
the  fuselage  side.  A  substantia’  discussion  by  Skow  and  Erickson  on  modern  fighter-aircraft  design  for  high- 
angle-of-attack  maneuvering  Is  available  in  Ref.  11. 

At  low  angles  of  attack,  the  vortex  emanating  from  a  LEX  will  pass  over  the  wing  close  to  the  surface, 
and  farther  downstream  It  will  be  adjacent  to  both  horizontal  and  vertical  tail  surfaces.  Wing-flap  deflec¬ 
tion  will,  of  course,  cause  a  significant  downwash  to  be  exerted  on  the  vortex  and  readjust  the  position  of 
the  vortex  relative  to  the  tail,  moreover,  the  pressure  field  imposed  by  the  tall  may  promote  vortex  break¬ 
down,  this  may  be  a  significant  problem  under  sideslip  conditions.  The  overall  outcome  Is  that  both  lift 
Characteristics  and  longitudinal  stability  can  be  affected  by  vorte*  Interaction  with  the  tail  surfaces. 

At  high  angles  of  attack,  the  horizontal  tails  have  less  effect  on  vortex  behavior  due  to  the  dominance 
of  the  wing  pressure  field.  Several  of  our  current  fighter  aircraft  feature  twin  vertical-tail  arrangements 
to  maintain  directional  stability  In  the  extended  angle-of-attack  range  attainable  with  wings  that  Include 
leading-edge  extensions.  Improper  placement  of  the  vertical  tails  can  promote  premature  vortex  breakdown  and 
thereby  limit  the  maximum  lift  obtainable.  Influencing  both  the  longitudinal-  and  lateral-directional 
stabl llty  levels. 

The  sharp  edge  of  the  LEX  fixes  the  30  separation  line  there  so  that  there  Is  controlled  flow  separation 
about  this  component.  Tailoring  the  camber  and  the  sweepback  of  the  LEX  will  clearly  Influence  the  position 
of  the  ensuing  vortex.  Small  strakes  on  the  forebody  can  be  beneficial  to  forcing  symmetric  vortices  to  exist 
at  higher  angles  of  attack,  but  may  cause  strong  effects  on  the  lateral  stability.  Usually,  It  Is  preferable 
to  reshape  the  cross-section  of  the  forebody  Into  a  shark-like  snout  (see  Ref.  11).  Control  of  the  orientation 
of  forebody  vortices  can  be  Implemented  by  tiny  amounts  of  normal  or  tangential  blowing,  emerging  into  the 
flow  from  one  orifice  asynwetrlcall"  disposed  with  respect  to  the  leeward  meridian  and  Initially  beneath  the 
vortex  that  grows  rapidly  away  from  the  surface.  This  technique  has  the  ability  not  only  to  return  the 
asyewetrlc  flow  to  a  near-symmetric  one  as  the  blowing  momentum  Increases  but  Is  powerful  enough  to  produce 
a  further  movement  of  the  forebody  vortices  to  provide  sldeforce  In  the  opposite  sense  to  that  given  by  the 
Initial  asymmetry.  Asyammtrlc  blowing  can  hence  be  used  as  a  means  of  direct  sldeforce  control  to  prevent 
departure  of  a  fighter  Into  a  spin  condition. 
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ISSUES 

•  CAN  WE  USE  THE  NAVIER-STOKES  EQUATIONS,  ASSUMED  TO 
GOVERN  FLUID  MOTION,  TO  COMPUTE  VORTICAL  FLOWS  ABOUT 
COMPLEX  AERODYNAMIC  CONFIGURATIONS  AT  HIGH  ANGLES  OF 
ATTACK?  NOT  YET;  INSUFFICIENT  COMPUTING  POWER 


COMPUTATIONAL  AERODYNAMICS 
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At  least  one  additional  order  of  magnitude  in  effective  computing  speed  is  required  for  us  to  be  able 
to  come  near  to  analyzing  numerically  the  entire  flow  about  a  real  aerodynamic  vehicle.  Nevertheless,  some 
intriguing  and  impressive  results  are  being  and  have  been  obtained  from  computations  of  laminar  flow  fields 
about  simple  3D  aerodynamic  components  using  approximate  forms  of  the  Navier-Stokes  equations  (see  the  review 
in  Ref.  10).  Moreover,  the  potential  exists  for  obtaining  satisfactory  answers  in  turbulent  flow  once  appro¬ 
priate  turbulence  models  can  be  found.  Unfortunately,  even  these  simple  shapes  must  be  sur.ounded  with 
relatively  coarse  computational  meshes;  otherwise,  the  available  computer  storage  on  our  largest  machines 
becomes  saturated.  With  our  present  capabilities,  we  arrive  at  an  impasse.  On  the  one  hand,  the  singular 
points  in  the  flow  and  on  the  body  surface  usually  have  simple,  fundamental  forms  and  their  types,  number,  and 
placement,  practically  characterize  a  real  separated  flow.  On  the  other  hand,  it  is  just  in  the  vicinity  of 
these  singular  points  that  a  finite-difference  scheme  requires  inordinately  fine  mesh  spacing  to  capture 
their  behavior.  Even  supposing  that  sufficient  computer  storage  were  available  for  the  mesh  to  be  tightened, 
computation  costs  would  be  increased,  perhaps  to  an  unacceptable  degree.  As  a  way  out,  we  suggest  that  it  may 
be  possible  to  make  a  useful  advance  in  the  computation  of  3D  separated  flows  if  finite-difference  methods 
could  be  combined  with  a  separate  treatment  (perhaps  involving  analytic  or  finite -element  methods)  of  the 
singular  points,  thereby  obtaining  an  adequate  resolution  in  the  vicinity  of  the  singular  points  and  avoiding 
very  fine  meshes. 
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On  wings  with  sharply  swept  leading  edges,  3D  separation  occurs  at  the  salient  edges,  being  virtually 
independent  of  the  oncoming  boundary-layer  properties  at  the  high  Reynolds  numbers  of  Interest  to  us.  In  the 
limit  of  infinite  Reynolds  number  -  or,  for  practical  purposes,  at  high  enough  Reynolds  numbers  -  the  colled 
viscous  shear  layer  may  be  modeled  approximately  by  an  inviscid-flow  vortex  sheet.  In  other  words,  we  adopt 
a  viewpoint  similar  to  that  underlying  the  use  of  the  Kutta-Joukowsky  condition  for  determining  flow  at  the 
trailing  edge  in  invlscld  wing  theory.  We  say  that  viscosity  causes  the  separation;  the  location  Is  determined 
by  the  edge  geometry,  after  which  the  flow  may  be  modelled  as  an  Inviscld  flow.  The  local  behavior  of  a  vortex 
sheet  as  It  leaves  the  vicinity  of  a  salient  edge  is  tangential  to  either  the  top  or  underside  of  the  edge, 
depending  on  the  sign  of  the  shed  vorticlty  and  on  whether  the  external  mean  flow  Is  directed  inboard  or 
outboard.  In  the  region  of  the  vortex  external  to  the  core,  the  axial  velocity  does  not  change  substantially, 
and  we  may  describe  It  to  a  satisfactory  degree  of  approximation  by  ignoring  diffusion  (l.e.,  viscous)  effects 
there.  Diffusion  Is  only  Important  In  the  Inner  part  of  the  vortex  core  where  there  are  substantial  velocity 
gradients.  For  a  3D  core  growing  In  space,  the  swirling  fluid  Is  drawn  Into  the  core,  acquiring  a  high  axial 
velocity  as  It  escapes  along  the  axis.  Reynolds  number  does  not  appear  to  have  a  significant  effect  on  the 
development  of  the  large-scale  structure  of  the  flow,  whereas  the  core  center  diminishes  as  Reynolds  number 
increases.  In  numerical  calculations  of  incompressible  flows  about  swept  edges  there  seems  to  be  a  qualified 
but  free  choice  available  as  to  whether  the  vortex  sheet  should  be  represented  as  collections  of  isolatel  vor¬ 
tices,  as  line  vortices,  or  as  a  continuous  sheet.  Particular  mathematical  or  numerical  difficulties  in  the 
stability  of  the  roll-up  process  have  been  overcome. 

On  bodies,  the  separation  location  is  unknown  a  priori.  We  must  attempt  to  calculate  Its  position  by 
3D  boundary- layer  theory,  which  requires  an  appropriate  external  flow,  or  map  its  position  from  experimental 
surface  oil-flow  visualization.  In  the  former,  an  Iteration  between  the  boundary  layer  and  Invlscld  flow  Is 

required,  with  a  guessed  sepa rat Ion- line  position,  followed  by  subsequent  correction  of  the  Invlscld  pressure 

distribution.  Once  the  separation  line  is  supplied,  an  Invlscld  vortex  sheet  model  of  the  separated  flow  can 
be  Invoked  (In  Incompressible  flow  at  least)  on  which  the  following  boundary  conditions  will  be  adequate  to 
determine  it  completely.  The  sheet  must  leave  the  surface  tangentially  along  the  separation  line.  It  Is  an 
open  vortex  sheet  In  the  sense  that  fluid  at  the  same  total  pressure  wets  the  vortex  sheet  on  either  side. 

Both  pressure  and  velocity  are  continuous  across  the  sheet,  which  Is  a  stream  surface.  The  velocity  on  the 
upstream  side  of  the  sheet  provides  the  convective  component  to  remove  the  vorticlty  from  the  surface. 

On  the  downstream  side  of  the  sheet,  replacing  the  Kutta  condition  for  separation  at  a  sharp  edge  Is  the 
requirement  that  the  velocity  be  directed  downstream  tangentially  to  the  separation  line.  On  the  upstream  side 
of  the  separation  line,  the  surface  streamlines  of  the  invlscld  model  are  Inclined  to  the  separation  line  but 

are,  of  course,  still  tangential  to  the  wall.  The  vortex  sheet  model  may  be  used  on  simple  shapes,  such  as 

pointed  right-circular  and  elliptic  cones,  for  which  the  separation  lines  are  along  generators  and  the  coordi¬ 
nate  geometry  presents  few  difficulties.  On  more  complex  configurations  the  solution  eludes  us,  for 


boundary- layer  calculations  have  not  usually  been  successful  in  providing  separation-line  positions,  particu¬ 
larly  when  separation  starts  some  distance  back  from  the  nose.  Moreover,  we  still  do  not  have  a  suitable 
flow  model  for  the  breakaway  dividing  surface,  under  conditions  where  neither  conical  nor  slender  body  flows 
exist. 

There  has  been  some  recent  success  in  numerically  solving  the  Euler  equations  in  which  vortex  flows 
around  wings  of  high  sweepback  angle  have  been  simulated.  It  appears  that  if  the  computed  results  are  to  be 
realistic,  the  edge  must  be  relatively  sharp  to  ensure  that  the  development  of  the  "shear  layer"  is  virtually 
insensitive  to  Reynolds  number.  This  is  the  only  possible  way  to  represent  a  separated  flow  field  by  the 
Euler  equations  in  which  there  is  artificial  viscosity  in  the  numerical  scheme. 


CONCLUDING  REMARKS 

A  study  of  the  issues  involved  in  the  understanding  of  complex  vortical  flows  leads  us  to  the  following 
remarks: 

•  We  have  an  unambiguous  definition  of  separation  in  three  dimensions  if  a  separation  line  is  construed 
to  emanate  always  from  a  saddle  point  even  in  cases  where  the  origin  is  obscured  by  lack  of  resolution. 

•  The  structure  and  mechanism  of  separation  and  the  ensuing  coiled-up  vortical  motions  are  understood 
in  mean-flow  terms. 

•  We  are  unable  at  this  time  to  formulate  a  principle  that  will  distinguish  between  the  scale  of  vital 
and  unimportant  organized  vortical  structures. 

•  We  are  able  to  exploit  the  wel 1 -organized  vortex  motions  for  significant  benefit  when  they  are  stable. 

•  We  have  only  conceptual  notions  to  understand  the  instability  mechanisms  leading  to  vortex  breakdown 
and  leeside  wake  asymnetries  at  high  angles  of  attack. 

•  We  are  unable  to  predict  the  implications  of  vortices  interacting  with  local  flow  fields  about  the  wing 
and  tail  surfaces,  although  we  can  exercise  control  over  these  interacting  flow  fields  to  some  extent 
with  active  or  passive  c*.  rol. 

•  With  appropriate  simplifications  of  the  Navier-Stokes  equations,  and  with  our  current  understanding  of 
turbulence  modelling,  we  are  able  to  compute  vortical  flows  about  chosen  aerodynamic  components  at  high 
Reynolds  numbers,  but  only  for  very  simple  shapes. 

•  Modelling  of  vortical  flows  by  essentially  Invlscld  approaches  can  provide  us  with  insight  into  the 
flow  physics,  but  our  understanding  extends  only  to  simple  shapes. 
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THE  VORTEX  SKELETON  MODEL  FOR  THREE-DIMENSIONAL 
STEADY  FLOWS 

H.G.  Hornung 

DFVLR  Institute  for  Experimental  Fluid  Mechanics 
D-3400  Gtfttingen,  BunsenstraBe  10,  Germany 


SUMMARY 


The  work  of  Hornung  and  Perry  (1982)  is  reviewed  in  which  the  essential  concepts  of 
two-dimensional  separation  were  extended  to  three-dimensional  steady  flow,  and  the  vor¬ 
tex  skeleton  model  and  electromagnetic  analogy  were  introduced.  The  model  is  extended 
to  give  a  simple  topological  rule  by  which  the  vortex  skeleton  of  a  flow  can  be  estab¬ 
lished  from  the  structure  cf  the  wall  streamline  pattern.  The  important  question  of  the 
occurrence  of  smoothly  starting  separation  without  zeros  in  the  wall  shear  stress,  is 
examined  in  the  light  of  a  new  local  solution  of  the  Navier-Stokes  and  continuity  equa¬ 
tions  . 


R^bCTIO 


Consider  steady,  incompressible,  viscous  flow  over  a  slmplv  connected  body.  Let  the 
flow  be  uniform  at  large  distances  from  the  body,  and  let  the  Reynolds  number  be  large. 
Vorticity  is  generated  in  such  a  flow  by  viscous  friction  mainly  in  the  thin  boundary 
layer  at  the  body  surface  (wall) .  This  vorticity  can  be  carried  away  from  the  wall  by 
viscous  diffusion  or  by  convection.  At  large  Reynolds  number  the  latter  mechanism  is 
the  one  that  is  responsible  for  carrying  vorticity  to  distances  of  one  ore  more 
characteristic  body  lengths  from  the  wall. 


The  distribution  of  vorticity  in  the  flow  field  around  a  body  is  very  important 
to  the  aerodynamicist.  If  it  is  known,  the  forces  on  the  body  may  be  determined  fairly 
accurately  by  a  relatively  crude  inviscid  model  of  the  flow.  This  model  can  be  simpli¬ 
fied  further  if  the  vorticity  concentrates  into  "ropes”  of  high  vorticity  within  a 
relatively  small  distance  from  the  body.  A  very  descriptive  illustration  of  how  this 
may  occur  behind  a  wing  was  given  by  Lanchester  (1907),  see  Fig.l.  If  this  occurs,  the 
distribv  ion  of  vorticity  may  be  represented  approximately  by  a  relatively  small  number 
of  discrete  vortices,  whose  locations  and  strengths  must,  of  course,  be  known. 


It  is  not  surprising  therefore,  that  a  great  deal  of  effort  has  been  invested  in  the 
study  of  the  process  by  which  vorticity  is  transported  into  the  flow  field  ("separation") 
and  how  the  vorticity  behaves  after  leaving  the  surface.  An  excellent  compendium  of  the 
work  on  this  subject  has  been  given  by  Peake  and  Tobak  (1980)  (see  also  Tobak  and  Peake, 
1982).  An  example  of  sophisticated  numerical  work  in  the  latter  field  is  to  be  found  in 
Saffman  (1982)  and  a  description  of  the  field  is  given  by  Lugt  (1979). 

For  a  calculation  of  the  forces  on  a  body  from  the  disposition  of  discrete  vortices, 
it  i3  necessary  to  know  their  strengths  and  shapes.  An  even  more  basic  requirement  is 
the  knowledge  of  the  number  of  vortices  which  occur  and  their  topological  structure. 

In  particular,  changes  from  one  to  another  topological  structure  of  the  flow  field 
around  the  same  body  are  of  considerable  importance,  for  example,  such  as  arise  in  the 
problems  of  missile  aerodynamics.  Such  transitions  cannot  at  present  be  accurately 
predicted  theoretically,  and  only  in  relatively  simple  cases  have  they  been  mapped  out 
experimentally.  (An  example  for  the  case  of  thick  delta  wings  is  given  by  Szodruch,  1977, 
see  also  Szodruch  1980). 

The  aim  of  the  present  paper  is  not  to  study  the  exact  geometric  modelling  of  flow 
fields,  but  to  find  a  model  which  will  reproduce  the  topological  structure  of  three- 
dimensional,  steady  flows.  It  should  be  emphasized  that  our  concern  is  not  merely  with 
the  typological  structure  of  the  wall  streamlines  (integral  curves  of  the  wall  shear 
stress)  but  with  that  of  the  complete  three-dimensional  flow  field.  A  terminology  has 
been  given  by  Hornung  and  Perry  (1982)  which  allows  the  qualitative  features  of  such 
flow  fields  to  be  described  unambiguously.  This  work  is  briefly  reviewed  and  extended 
to  allow  some  of  the  features  of  the  spatial  topology  of  a  flow  field  to  be  determined 
systematically  from  a  knowledge  of  the  qualitative  features  of  the  wall  streamline 
field.  In  addition,  the  question  of  the  occurrence  of  a  gradually  beginning  three- 
dimensional  separation  (l.e.  without  points  at  which  the  wall  shear  stress  is  zero) 
is  examined  in  some  detail. 


2.  TWO-  AND  THREE-DIMENSIONAL  SEPARATION 

The  essential  feature  of  steady,  two-dimensional  separated  flow  is  that  there 
exist  two  half-saddle  points  in  the  streamline  pattern.  They  occur  on  the  wall  and  are 
joined  by  one  and  the  same  streamline,  see  Fig. 2.  The  half-saddle  points  are  called 
separation  and  reattachment  point  respectively  and  the  special  streamline  joining  them 
is  sometimes  referred  to  as  a  separatrlx.  It  separates  a  region  of  closed  streamlines 
from  the  remainder  of  the  flow  field.  A  few  accompanying  features  are  that  the  wall 
shear  stress  is  zero  at  the  two  half-saddle  points,  and  that  backflow  occurs  at  the  wall 
between  them. 


Separation  is  by  no  means  so  easy  to  describe  in  three-dimensional  flow.  The 
questions  that  arise  are:  What  is  the  equivalent  of  a  saddle  point  in  three  dimensions? 
What  is  the  meaning  of  backflow  in  three  dimensions?  The  wall  shear  stress  is  now  a 
vector.  Which  component  needs  to  be  zero  at  separation,  if  any?  Finally,  what  is  the 
equivalent  of  a  sejaratrix? 

The  last  of  these  questions  gives  a  clue  as  to  how  one  might  start  in  extending 
the  concepts  of  two-dimensional  separation  to  the  spatial  situation.  In  two-dimensional 
flow  a  streamline  is  able  to  separate  two  regions  of  the  space.  In  three  dimensions  a 
surface  is  needed  for  this  purpose.  To  find  the  logical  extension  of  the  two-dimensional 
concept  of  a  separatrix  to  three-dimensional  flow,  it  is  therefore  necessary  to  look 
for  a  particular  streams ur face .  A  streamsurface  in  a  given  flow  field  is  defined  by 
those  streamlines  which  pass  through  a  given  curve  in  the  three-dimensional  space. 

(The  concept  "streamsurface"  is  probably  more  familiar  in  the  form  "streamtube" ,  where 
the  defining  curve  is  closed.) 

A  stream surface  in  a  given  three-dimensional  flow  field  is  only  uniquely  determined 
by  its  defining  curve  if  it  does  not  bifurcate  anywhere,  just  us,  analogously,  a  stream¬ 
er  «<?  in  a  given  two-dimensional  flow  field  may  only  be  uniquely  defined  by  a  point  if  it 
does  not  bifurcate  anywhere.  Streamlines  in  two-dimensional  flow  bifurcate  at  saddle  or 
half-saddle  points,  i.e.  for  example  at  the  separation  or  reattachment  point.  The 
logical  extension  to  three  dimensions  of  the  separation  and  reattachment  points  of  two- 
dimensional  flow  is  therefore  to  be  sought  in  streamsurface  bifurcation  lines  on  the 
wall. 

An  example  of  how  streamsurface  bifurcations  may  occur  in  three-dimensional  flow 
is  shown  qualitatively  in  Fig. 3.  From  the  bifurcation  line  PQ  on  the  wall,  the  stream- 
surface  S.  emerges  and  rolls  up  into  a  vortex.  At  the  same  time  the  streamsurface 
divides  at  the  streamsurf ace  bifurcation  line  P’Q’  on  the  wall.  The  streamsurfaces  S.  and 
S2  respectively  emerge  from  and  flow  into  the  three-dimensional  analogues  of  half-sa«4dle 
points  (i.e.  streamsurface  bifurcation  lines)  and  are  therefore  the  logical  extensions 
of  the  separatrices  of  two-dimensional  flow.  They  are  the  free  sheets  of  the  stream- 
surface  bifurcations.  The  significant  difference  from  the  two-dimensional  case  is  that 
these  special  streamsurfaces  do  not  in  general,  form  closed  regions  of  the  space,  i.e. 

S1  and  S2  are  not  the  same  streamsurface. 

These  concepts  and  their  implications  are  discussed  at  greater  length  and  with 
mathematical  support  by  Hornung  and  Perry  (1982).  Among  other  results,  their  work 
shows  that  the  concept  "strength  of  separation"  becomes  meaningful  in  three-dimensional 
flow,  and  that  complicated  topological  structures  of  steady,  three-dimensional  flow 
fields  may  be  described  unambiguously  by  the  types  and  disposition  of  their  bifurcation 
lines  and  free  sheets.  They  proceed  to  classify  a  number  of  frequently  occurring  flow 
conf igurations . 

One  of  the  questions  that  arose  is  whether  it  is  necessary  for  a  streamsurface 
bifurcation  line  to  start  at  a  point  where  the  wall  shear  stress  is  zero,  or  whether 
it  can  start  gradually,  without  a  zero-shear  point.  An  often-observed  example  of  the 
former  case  is  shown  in  the  sketch  of  Fig. 4  in  which  a  negative  streamsurface  bifur¬ 
cation  starts  from  a  saddle  in  the  wall  streamline  pattern.  This  pattern  also  shows  a 
positive  bifurcation  line  starting  smoothly,  without  a  zero  in  the  wall  shear  stress. 

(The  notation  "positive"  means  that  the  streamsurface  divides  into  two  in  the  direction 
of  flow  and  vice  versa.)  Experiments  certainly  suggest  that  both  smooth  and  zero-shear 
beginnings  of  bifurcation  lines  are  possible.  This  question  is  examined  in  more  detail 
in  section  4. 

3.  THE  VORTEX  SKELETON  MODEL 

While  the  qualitative  features  of  the  structure  of  a  steady  three-dimensional  flow 
may  be  described  unambiguously  by  the  bifurcating  streamsurfaces  of  the  flow,  such 
descriptions  become  extremely  cumbersome  except  for  the  simplest  configurations.  If  only 
the  qualitative  features  are  to  be  described,  an  equally  effective  and  much  simpler 
method  consists  of  representing  the  flow  field  by  a  finite  number  of  discrete  vortices  in 
a  uniform  flow.  The  validity  of  this  model  depends  on  the  assumption  that  any  dis¬ 
tributed  vorticity  that  may  be  present  does  not  alter  the  spatial  topology  of  the  flow. 

In  order  to  illustrate  the  two  methods,  a  number  of  frequently  observed  flow 
situations  are  presented  in  Fig.’s  5,6,7  and  8  taken  from  Hornung  and  Perry  (1982). 

Fig. 5  shows  simple  U-shaped  separation  by  means  of  the  bifurcating  streamsurfaces  that 
occur.  Figures  6,7  and  8  show  the  flow  structure  that  sometimes  occurs  at  sting-body 
junctions  using  both  methods.  This  last  example  makes  the  superiority  of  the  vortex 
skeleton  method  particularly  clear.  Only  six  discrete  vortices  are  needed  (see  Fig. 8) 
to  present  the  topology  of  the  flow  field,  in  which  a  total  of  18  free  sheets  of  12 
streamsurface  bifurcations  occur.  (Bifurcations  that  occur  in  the  flow  field,  i.e.  not 
at  the  wall,  generally  have  four  free  sheets.)  Clearly,  it  becomes  extremely  difficult 
to  present  the  latter  in  a  sketch,  see  Fig, 7,  while  the  presentation  of  the  vortex 
skeleton  of  Fig. 8  is  relatively  simple  and  provides  corresponding  information. 

The  assumption  that  all  the  vorticity  of  the  flow  is  concentrated  into  discrete 
vortices  is,  of  course.  Incorrect.  However,  the  aim  here  is  to  represent  only  the 
topology  of  the  flow  correctly.  This  means,  for  example,  that  the  number  and  connec¬ 
tivity  of  the  nodes,  saddles  and  bifurcation  lines  of  the  wall  streamline  pattern  are 


to  be  correctly  reproduced.  It  turns  out  that,  whenever  a  pair  of  such  critical 
points  (node  and  saddle)  occurs  on  the  wall,  it  is  associated  with  a  concentration 
of  vorticity  in  the  vicinity.  For  example,  in  the  U-shaped  separation  of  Fig. 5,  one 
such  node-saddle  pair  occurs  in  the  wall  streamline  pattern  (A,  FJ .  This  is  asso¬ 
ciated  with  the  vortex  formed  by  the  rolling  up  of  the  streamsurface  S..  The  con¬ 
verse  is  not  necessarily  the  case,  i.e.  a  vortex  may  be  so  weak  and  distant  from 
the  wall  that  it  does  not  cause  a  saddle-node  pair  to  occur  on  the  wall.  However, 
since  our  interest  is  in  the  vorticity  that  is  spilt  into  the  flow  from  the 
boundary  layer,  such  vortices  need  not  concern  us.  A  more  important  way  in  which 
a  vortex  might  occur  without  a  saddle-node  pair  on  the  wall  is  through  a  gradually 
starting  negative  streamsurface  bifurcation,  similar  to  that  proposed  schematical¬ 
ly  in  Fig. 3.  Supposing  for  the  present  (see  also  section  4)  that  such  smoothly 
starting  bifurcations  are  possible,  it  is  a  relatively  simple  matter  to  establish 
the  following  topological  rule: 

The  minimum  number  of  discrete  vortices  required  to  represent  the  spatial 
topology  of  uniform  flow  over  a  simply  connected  body  is  given  by  the  equality 
limit  of  the  inequality 

V  ^  P  +  S,  (1) 

where  V  is  the  number  of  vortices,  P  is  the  number  of  saddle-node  pairs  in  the  wall 
streamline  pattern,  and  S  is  the  number  of  those  negative  streamsurface  bifurcations 
in  the  wall  streamline  pattern  which  do  not  start  at  a  saddle  point. 

Consider,  for  example,  the  flow  of  Fig. 6.  The  wall  streamline  pattern  contains 
six  saddle-node  pairs  and  all  negative  streamsurface  bifurcations  on  the  wall  start 
from  saddle  points.  Thus,  P=6,  S=0,  so  that  six  vortices  are  needed  to  present 
the  topological  structure  of  the  flow,  see  Fig. 8.  The  fact  that  the  body  is  chopped 
off  at  front  and  back  means  only  that,  were  it  closed,  two  additional  nodes  (e.g. 
front  and  rear  stagnation  point)  would  occur  in  the  wall  streamline  pattern.  The 
vortex  skeleton  model  of  a  particular  flow,  for  which  the  wall  streamline  pattern 
is  known,  can  thus  be  established  systematically  by  arranging  the  number  of 
vortices  prescribed  by  the  rule  (1)  appropriately. 

A  large  amount  of  distributed  vorticity  always  resides  in  the  boundary  layer 
near  the  wall.  However,  the  presence  of  this  distributed  vorticity  does  not  intro¬ 
duce  topological  features  such  as  nodes,  saddles  or  bifurcation  lines  in  the  wall 
streauline  pattern  except  through  the  fcrmation  of  a  vortex,  i.e.  by  distributed 
vorticity  concentrating  into  discrete  bundles.  Thus,  the  topological  structure  of 
the  wall  streamlines  is  not  affected  by  the  distributed  vorticity  in  the  boundary 
layer,  but  is  correctly  reproduced  by  the  vortex  skeleton  model  with  the  assumption 
that  the  flow  outside  the  vortex  cores  is  irrotational .  The  exact  shape  of  the  wall 
streamlines  is,  of  course,  influenced  by  the  distributed  vorticity,  but  their  topo¬ 
logical  structure  is  not. 

Such  a  model  can  be  simulated  directly  by  the  electromagnetic  analogy,  in 
which  the  vortices  are  replaced  by  wires  carrying  electric  current,  so  that  the 
induced  magnetic  field  corresponds  to  the  velocity.  The  uniform  flow  field  can  be 
simulated  by  a  current-carrying  solenoid  coil  generating  a  uniform  magnetic  field 
within  itself.  Solid  surfaces,  at  which  the  velocity  must  be  tangential  in  the 
fluid  mechanical  analogue,  can  be  simulated  for  a  plane  wall  by  the  method  of 
Images,  i.e.  by  introducing  a  mirror  image  of  the  vortex  system  on  the  opposite 
side  of  the  "wall".  In  order  to  show  the  wall  streamlines,  for  example,  iron 
filings  may  be  scattered  on  it  and  exposed  to  the  magnetic  field.  The  electric 
current  carried  by  a  wire  corresponds  to  the  strength  of  the  simulated  vortex. 

In  order  to  illustrate  the  use  of  the  method,  Fig. 9  shows  sketches  of  six 
types  of  symmetrical  wall  streamline  patterns  occurring  in  separated  flows,  together 
with  their  si nulation  by  the  electromagnetic  analogy.  In  each  case  the  topological 
rule,  equation  (1),  is  satisfied.  In  Fig,9f  the  two  vortices  have  to  disperse  into 
"boundary- layer  vorticity"  at  their  leading  end.  In  the  electromagnetic  analogy 
this  has  been  achieved  by  joining  the  two  wires  with  a  copper  plate  parallel  to 
and  near  the  surface.  It  could  also  be  achieved  by  joining  the  two  wires  at  their 
upstream  end  with  a  wire  which  is  far  from  the  wall.  Such  connections  (far  from 
the  surface  or  with  distributed  currents)  are  disregarded  in  counting  the  number 
of  vortices  for  the  purpose  of  equation  (1).  I.e.  V  *  2  for  Fig.9f. 

In  some  of  these  simulations  the  experiment  was  embedded  in  an  overall  field 
which  converges  near  the  wall  in  order  to  simulate  the  situation  on  the  lee  side 
of  a  slender  body.  This  was  achieved  by  two  additional  vortices  flanking  the 
region  of  interest.  Equation  (1)  is  not  violated  by  this  step  because  of  the  in¬ 
equality  sign  which  allows  for  such  weaker  or  more  distant  vortices. 

4.  GRADUALLY  STARTING  SEPARATION 

In  this  section  the  question  is  examined  as  to  whether  it  is  possible  for  a 
negative  streamsurface  bifurcation  line  to  start  forming  gradually  at  a  wall,  with¬ 
out  the  wall  shear  stress  becoming  zero  anywhere.  It  is  necessary  to  discuss  this 
question  because  this  kind  of  separation  is  certainly  observed  experimentally  (see 
e.g.  Kreplin,  Vollmers,  and  Meier,  1982)  as  well  as  numerically  (see  e.g.  Nang,  1982) 
while  at  the  same  time  it  has  been  the  cause  for  some  dispute  (see  e.g.  Nang,  1981). 


In  order  to  illustrate  the  fact  that  experiment  certainly  suggests  that  this  is  so, 
consider  the  two  surface  oil  flow  pictures  of  Fig. 10.  Fig. 10a  shows  two  negative  bi¬ 
furcation  lines  issuing  from  two  saddle  points  of  the  wall  streamline  pattern,  i.e. 
from  points  where  the  wall  shear  stress  is  zero.  On  the  other  hand,  Fig. 10b  shows  two 
negative  bifurcation  lines  which  start  smoothly,  without  a  saddle.  Similar  effects 
may,  of  course,  also  be  produced  by  the  electromagnetic  analogy  (see  Fig. 9) . 

The  transition  from  the  flow  type  of  Fig. 10a  to  that  of  Fig. 10b  may  be  imagined 
as  follows:  Consider  a  vortical  node  and  a  saddle  in  the  wall  streamline  pattern  to  be 
embedded  in  a  region,  in  which  the  wall  shear  stress  falls  smoothly  in  the  flow  direc¬ 
tion.  Let  them  be  separated  by  a  distance  d.  Consider  the  magnitude  T  of  the  wall  shear 
stress.  Fig. 11a  gives  a  sketch  of  the  wall  streamlines  in  such  a  situation.  Fig.'s  11b 
and  c  show  how  this  pattern  is  expected  to  change  as  the  distance  d  is  reduced  to  zero. 
At  the  same  time  these  figures  show  profiles  of  T  along  the  lines  joining  the  critical 
points.  Fig. lid  shows  how  this  process  may  be  extrapolated  to  the  case  where  the  shear 
stress  no  longer  quite  reaches  the  value  zero  and  the  bifurcation  line  starts  smoothly. 

A  method  by  which  the  flow  in  the  vicinity  of  critical  points  or  bifurcation  lines 
may  be  studied  theoretically,  is  to  seek  local  solutions  of  the  Navier-Stokes  and  con¬ 
tinuity  equations  by  expanding  the  velocity  vector  in  a  Taylor  series  in  terms  of  the 

position  vector,  see  Perry  and  Fairlie  (1974),  Hornung  and  Perry  (1982).  Usually,  only 

the  first  term  in  this  series  is  retained,  as  the  number  of  terms  in  each  component 
increases  rapidly  with  each  new  vector  term.  Such  solutions  give  asymptotic  approxima¬ 
tions  which  converge  within  a  region  of  validity  r  <  R  around  the  point  r  *  0,  see 
Fig.  12,  the  error  being  of  the  next  higher  order  in  r  =  Vx5  ♦  yJ  ♦  z"a  than  the  last 
retained  term. 

Recently  Perry  (1983)  obtained  such  a  solution  to  a  particular  degenerate  case 
which  has  the  following  form: 

u  *  -  exy2z  ♦  0(r5) 
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v  *  fyz  ♦  gz  ♦  ex  yz  ♦  0(r  )  (2) 

w  -  -  fz2/2  -  ex2z2/2  ♦  ey2z2/2  ♦  0(r5) 

p/u  «  -  ex2z  ♦  ey2z  ♦  2gy  -  fz  ♦  pQ/ti  ♦  0 ( r 4 ) , 

where  u,  v,  w  are  the  x,  y,  z  -  components  of  velocity  p  and  »  are  pressure  and  vis¬ 
cosity  and  e,  f,  g  and  p  are  constants.  For  a  particular  choice  of  the  constants 
e,  f  and  g,  namely  e>0°f<0,  g*0,  this  solution  is  sketched  in  Fig. 13.  As  can 
be  seen  this  has  the  character  of  almost  two-dimensional  separation.  A  feature  of 
equation  (2)  is  that  the  inertia  terms  in  the  Navier-Stokes  equation  are  unimportant 
to  this  approximation,  the  pressure  being  determined  entirely  by  the  viscous  terms. 

At  first  glance,  the  flow  of  Fig. 13  does  not  seem  to  have  any  relevance  to  our 
problem.  However,  it  may  be  seen  with  a  little  imagination,  that  superposition  of  a 
plane  shear  flow  of  the  form 

u  *  kz  (3) 

will  produce  a  wall  streamline  pattern  similar  in  character  to  that  to  be  expected 
near  the  beginning  of  a  negative  bifurcation  line.  Naturally,  one  cannot  just  super¬ 
pose  solutions  in  this  nonlinear  system  of  differential  equations.  Indeed,  it  turns 
out  that  the  term  in  (3)  causes  an  additional  term  in  u  to  become  necessary,  which, 
this  time,  arises  from  the  inertia  terms.  The  new  form  of  u  is  thus: 

u  ■  -  exy2z  ♦  kz  -  kfz*/(24v)  ♦  0(r5),  (4) 

where  v  is  the  kinematic  viscosity.  The  other  components  o’  velocity  and  the  pressure 
are  not  affected  by  thetfe  additional  terms.  The  solution  (2)  with  u  replaced  by  (4) 
represents  an  asymptotic  approximation  satisfying  the  Navier-Stokes  and  continuity 
equation  and  the  no-slip  conditior  at  z  -  0,  to  the  stated  accuracy. 

Choosing  f<0,e>0,k>0  and  setting  g  ■  0,  a*  ■  -  f/e,  b*  ■  k/e,  the  equation 
for  the  wall  streamlines  becomes  (z  ■  0) 


This  pattern  has  two  critical  points  (which  are  vortical  nodes  in  the  parameter  range 
of  interest  here,  namely  if  b* /a*  <  16)  at 

(x,  y)  -  (a,  ♦  Vb VM.  (6) 

These  lie  outside  the  range  of  validity  of  the  solution.  The  solution  of  equation  (S) 
with  a  *0.5,  b  «  0.5,  is  presented  in  Fig. 14.  As  can  be  seen,  the  nature  of  this 
solution  is  like  that  expected  for  a  gradually  beginning  bifurcation.  Of  course,  this 
local  solution  does  not  only  give  the  wall  streamlines,  but  the  whole  three-dimensional 
flow  field  near  the  beginning  bifurcation.  It  gives  mathematical  support  to  the 
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supposition  mads  in  section  3,  that  negative  streamsurface  bifurcations  may  begin 
smoothly.  The  wall  shear  stress  is  not  zero  anywhere  in  this  solution. 

5.  CONCLUSIONS 

The  work  of  Hornung  and  Perry  (1982)  has  been  reviewed,  in  which  the  essential 
concepts  of  two-dimensional  separation  had  been  extended  logically  to  three-dimensional 
steady  flow,  and  the  vortex  skeleton  model  and  electromagnetic  analogy  had  been  in¬ 
troduced.  A  simple  topological  rule  has  been  given,  by  which  the  minimum  number  of 
vortices  necessary  to  represent  a  flow  over  a  simply  connected  body  with  a  given  wall 
streamline  pattern  may  be  determined.  It  has  been  shown  that  the  electromagnetic  analogy 
is  usually  sufficiently  accurate  to  represent  the  topological  structure  of  a  flow  pattern, 
distributed  vortlcity  being  unable  to  introduce  topological  features  such  as  nodes, 
saddles  or  bifurcations.  Finally  a  local  solution  of  the  Navier-Stokes  and  continuity 
equations  has  been  obtained,  by  extending  a  solution  given  by  Perry  (1983),  which  has 
all  the  features  of  a  gradually  beginning  streamsurface  bifurcation,  with  everywhere 
finite  wall  shear  stress. 
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Fig. 1 :  Lanchester's  (1907)  sketch  of  vorticity  being  concentrated 
into  a  vortex  rope  behind  a  wing. 


In  two-dimensional,  steady-flow  separation,  two  half¬ 
saddle  points  occur  at  the  wall.  They  are  joined  by 
a  streamline  which  separates  a  region  of  closed 
streamlines  from  the  rest  of  the  flow  field. 


3 :  Example  of  three-dimensional  separation.  The  free  sheet  S.  of 
the  negative  streamsurface  bifurcation  line  PQ  is  not  the1 
same  as  the  free  sheet  S2  of  the  accompanying  positive 
bifurcation  line  P'Q' . 


Example  of  three-dimensional  separation  in  which  the  negative  streamsurface  bi 
furcation  starts  from  a  saddle  point  in  the  wall  streamline  pattern.  At  the 
same  time  the  accompanying  positive  bifurcation  line  P'Q'  starts  without  a 
critical  point  a)  wall  streamline  pattern,  b)  perspective  sketch. 


Simple  U-shaped  separation,  port  side  showing  wall  streamline  pattern,  star¬ 
board  side  showing  perspective  sketch.  Apart  from  a  negative  bifurcation  AB, 
a  double  free  bifurcation  DE  and  a  positive  bifurcation  FG  occur.  Of  the  five 
free  sheets  is  the  only  one  that  rolls  up  into  a  vortex. 


Wall  streamline  pattern  and  one  of  the  free  sheets  of  the  separation  pattern 
sometimes  observed  at  sting-body  junctions  of  axisymmetric  bodies  at  zero 
incidence. 


iir  18  f  r< 


Fig, 9a:  Hall  streamline  pattarn  for  simple  U-shaped  separation,  sketch  and  electro- 
magnetic  simulation.  One  saddle-node  pair  occurs,  all  negative  bifurcations 
start  at  saddles,  i.e.  P-1,  S»0.  Hence  1 .  One  vortex  only  is  needed  in  the 
skeleton. 


second  kind.  P=3,  S*0.  so  that  V*3 


Fig. 1 1 !  Bifurcation  line  starting  from  a  saddle-node  pair:  As  the  distance  between 

the  saddle  and  node  is  reduced  to  zero  (a-c)  the  degenerate  case  c)  results, 
where  the  magnitude  of  the  wall  shear  stress,  T,  just  reaches  zero. 

Fig. lid)  shows  that,  when  this  process  is  extrapolated,  the  smoothly  starting 
bifurcation  line  results,  in  which  T  does  not  reach  zero  any  more. 


Fig. 12:  Local  cartesian  coordinate  system  illustrating  region  of  convergence. 


Perrv’s  (1983)  solution  equation  (2),  for  almost  two-dimensional  separation. 
The  plane  zB0  is  the  wall.  The  streamlines  in  the  plane  of  symmetry  (x=0)  are 
those  of  two-dimensional  separation. 


Wall  streamlines  near  the  beginning  of  a  smoothly  starting  negative 
bifurcation  line;  numerical  integration  of  equation  (5)  with  a*0.5. 
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ON  THE  STRUCTURE  OF  THE  TURBULENT  VORTEX 
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SUMMARY 

-^This  paper  provides  an  analysis  that  describes  the  trailing  vortex  generated  by  a  lifting 
surface,  the  structure  of  its  turbulent  core  and  the  inSuence  of  axial  Sow  within  the  vortex  on 
its  initial  persistence  and  on  its  subsequent  decay.  Similarity  solutions  of  the  turbulent  diffusion 
equation  are  given  in  closed  form  and  results  are  expressed  in  sufficiently  simple  terms  that  the 
inSuence  of  the  lifting  surface  parameters  on  the  length  of  persistence  and  the  rate  of  decay  of 
the  vortex  can  be  evaluated  readily. 
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SYMBOLS 
wing  reference  area 
aspect  ratio  \?j  A 
aircraft  wing  span 
distance  between  vortices 
induced  drag  coefficient 
lift  coefficient 
2  jrr/*2r, 

characteristic  length  of  vortex  persistence 
wing  lifting  efficiency,  C\}irARCo 

=  ft 

constant,  0.06 

outer  edge  of  turbulent  core 
Ub/vAR 

distance  in  radial  direction 

lift  distribution  parameter,  /0  f- dY 

— sinh(4«2/<-  11/12) 

velocity  function 
maximum  value  of  V 
circumferential  velocity 
distance  in  axial  direction 
z/d 

=v/W) 

distance  in  spanwise  direction 
=r/ri(i) 

circulation 

coefficient  of  eddy  viscosity 
coefficient  of  kinetic  viscosity 
density 


I.  INTRODUCTION 

The  structure  of  the  wake  vortex  generated  by  a  lifting  surface  such  as  an  aircraft  wing  or 
a  rotor  blade  has  been  the  subject  of  much  previous  study,  both  theoretical  and  experimental 
(see  for  example  ref.  1*4).  The  trailing  vortex,  after  its  initial  formation  is  known  to  comprise 
two  phases,  namely  (1)  a  region  of  persistence  for  long  distances  compared  to  the  wing  span  and 
(2)  a  region  of  decay  in  which  the  circumferential  velocity  is  reduced,  and  the  vortex  diffuses 
radiallv  with  increasing  distance  (fig.  1).  In  this  regard  it  is  of  particular  interest  to  understand 
the  structure  of  the  vortex  in  sufficient  detail  to  predict  the  velocity  distribution  in  the  vortex, 
to  explain  the  initial  persistence,  and  characterise  its  subsequent  rate  of  decay  in  terms  of  the 
aerodynamic  properties  of  the  lifting  surface. 
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2  ANALYSIS 

Tbe  Potential  Flow 

The  potential  flow  due  to  a  vortex  pair  has  been  analyzed  by  Spreiter  and  Sachs  (ref  I).  In 
their  approach  the  vortices  are  considered  as  a  pair  of  rotating  cylinders  around  which  a  potential 
flow  exists  in  the  plane  normal  to  the  axis  of  the  vortices.  The  relevant  expressions  which  relate 
the  characteristics  of  the  wing  to  those  of  the  vortex  pair  are  derived  here,  for  completeness,  as 

follows. 

The  lift  is  expressed  as 


1 

L  =  -  oV2ClA  =  pUbTi  J*  GdY. 


(I) 


where  T|  is  the  circulation  at  the  root,  G  =■  jP-  is  the  spanwise  distribution  of  lift,  and  }'  =  ^ 
is  the  dimensionless  spanwise  distance. 


The  integral  in  equation  (1)  is  denoted  by 


s: 


GdY  =  a 


s  is  a  parameter  which  characterizes  the  lift  distribution. 


(2) 


The  vortex  sheet  behind  the  wing  rolls  into  a  cylindrical  vortex,  the  inner  part  of  the  cylinder 
containing  the  vorticity  shed  from  the  tip  and  the  outer  part  containing  that  shed  from  the  root; 
thus  P*  is  the  strength  of  the  vortex  at  its  outer  edge  rj. 


From  equation  (1),  Tj  may  be  written 


r, 


v*Cl  1 
2  AR  a 


(3) 


where  the  aspect  ratio  is  AR  =  b2/A. 

Following  further  the  Spreiter-Sachs  analysis,  the  induced  drag  is  related  to  the  rate  of 
formation  of  rotational  kinetic  energy  in  tbe  wake.  This  relationship  is  written 

D  =  l-pV3CDA  =  j  J  ^dS'  (4) 

where  the  integral  is  performed  over  the  entire  plane  normal  to  the  direction  of  flow. 


Equations  (I)  and  (4)  can  be  combined  to  given  an  expression  which  relates  the  energy  integral 
to  the  wing  efficiency 


(5) 


where  t  =  y/^?p  is  the  wing  efficiency  factor. 

The  integral  in  equation  5  has  contributions  from  tbe  potential  flow  outside  the  vortex  pair 
and  from  the  vortex  pair  itself;  thus 


where  the  substitution  vt  =  has  been  made  within  the  vortex  pair. 

The  contribution  from  the  potential  flow  is  evaluated  in  closed  form  and  may  be  written 


where  b,  is  the  separation  distance  between  the  vortices.  The  contribution  from  the  vortex  pair 
must  be  evaluated  from  the  radial  distribution  of  £  =  G  within  the  vortex.  This  contribution 
is  found  by  solving  the  turbulent  flow  equations  and,  as  seen  later,  gives 


(8) 


Substitution  of  (ft).  (7).  and  (8)  into  (5)  gives  an  expression  for  r,, 


n  = 


(«) 


where  S  =  sinh( 4«2/c  —  11/12) 


The  relationship  (9)  between  the  vortex  radius  r\  and  the  separation  distance  61  will  hold 
even  when  r\  varies  with  the  distance  z  along  the  vortex  since  the  flux  of  rotational  energy  must 
be  constant  and  equal  to  the  induced  drag  at  all  values  of  r. 


A  determination  of  the  separation  distance  6;  between  the  vortices  requires  that  an  additional 
condition  be  prescribed.  It  is  assumed  that  the  centroid  of  vorticity  is  conserved  during  the  roll-up 
process  and  thus  the  initial  spanwise  separation  of  the  vortex  is  given  by 


MO) 

2 


b 

2g 


(after  integration  by  parts). 

The  initial  radius  of  the  vortex  is 


V|(0)  =  b-»S-'  (10) 

The  initial  vortex  radius  rf(0)  and  the  circulation  Tf,  given  by  equation  (3)  are  important 
parameters  in  the  description  of  the  turbulent  core  of  the  vortex  as  seen  in  the  following  analysis. 


The  IVirbuient  Vortex  Core 

For  any  location  x  downstream  of  the  lifting  surface  the  characteristics  of  the  vortex  will  be 
influenced  by  turbulence  and,  to  a  lesser  degree,  by  kinematic  viscosity.  There  will  exist  a  core 
within  which  the  circi:  -ferential  velocity  will  differ  from  that  given  by  the  potential  flow  (fig. 
2).  Th'ts  vortex  core  flow  can  be  described  by  a  differential  equation  expressing  the  transport  of 
angular  momentum  as  follows: 


6G  6G  r<  16G^ 

“77  +  "7T  =  S:r  +  ‘»;i7] 


in) 


where  v  is  the  kinematic  viscosity  and  <  is  a  turbulent  eddy  viscosity. 


The  eddy  viscosity  for  vortex  flows  has  been  investigated  by  Hoffman  and  Joubert  (ref  5)  and 
a  model  formulated  in  a  way  analogous  to  the  traditional  mixing  length  theory  of  Prandtl.  A 
dimensional  analysis  suggests  that  the  eddy  viscosity  is  related  to  the  circumferential  shear  stress 
through  the  relationship 


where 


which  may  he  combined  to  give 


MS*?) 


i"*1 


^r,  6G 

tx  'fr 


(12) 


where  the  constant  k  must  be  determined  experimentally.  The  value  k  =  0.0®  appears  to  fit  the 
experimental  data. 
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When  equation  (12)  is  substituted  into  equation  (11)  the  result  is  written 


6G  SG  *»r,  i\(  4C\l«;l 

"<7+”77  =  irr*;[lr+r*rj;77j 


At  uAR  1 

F77T5Zi 


(substituting  for  Ti  from  equation  (3)). 


The  quantity  c  is  seen  to  vary  inversely  with  the  Reynolds  number  based  on  a  charac¬ 
teristic  chord  length,  ^ .  For  a  typical  aircraft  wing  c  is  of  the  order  of  I0"2  or  10-3  and  the 
effects  of  kinematic  viscosity  on  the  overall  wake  characteristics  are  negligible.  However,  in  the 
region  close  to  the  center  of  the  vortex  (where  <  c)  the  effect  of  viscosity  will  change  the 
local  velocity  gradients  significantly,  creating  a  “laminar  sub-core”. 

Equation  13  must  be  solves  'or  the  distribution  G(r)  subject  to  appropriate  boundary  condi¬ 
tions,  and  using  suitable  approximate  expressions  for  u  and  t\  the  convective  velocity  components. 
Two  cases  are  considered  here  corresponding  to  the  region  of  persistence,  where  the  vortex  remains 
tightly  rolled,  and  the  region  of  decay  where  the  vortex  increases  its  radius  and  decreases  its 
circumferential  velocity  with  distance  along  the  vortex. 

( 1 )  Region  of  Persistence:  Immediately  behind  the  wing  it  is  to  be  expected  that  the  axial  velocity 
u  in  the  vortex  core  will  be  less  than  the  free  stream  value,  V  but  must  accelerate  to  this  value  in 
a  distance  d  say.  The  velocity  components  along  and  normal  to  the  centerline  of  the  vortex  may 
be  approximated  as 

u  xv  1  r 

£7=3-  £7  —55  f°r  1<d 

satisfying  the  equation  of  continuity. 

The  accelerating  flow  along  the  axis  (see  fig.  3a)  causes  a  radial  inflow  which  in  turn  convects 
vorticity  inward  to  balance  the  outward  diffusion  by  turbulence.  This  causes  the  vortex  to  remain 
tightly  rolled  until  the  axial  velocity  returns  to  its  free-stream  value  and  the  inflow  ceases. 

(2) Region  of  Decay:  At  far  distance  behind  the  wing  where  the  axial  velocity  has  recovered  to 

the  free  stream  value 

i7  =  '  t? =0  for  1>d 

Here  (see  fig.  3b)  there  is  no  radial  inflow  but  radial  diffusion  is  balanced  by  axial  convection 
resulting  in  a  spreading  of  the  vortex  and  as  will  be  seen,  a  decay  in  the  circumferential  velocity, 
with  distance  along  the  vortex. 

Approximate  Solutions 

For  both  of  these  regions  simple  approximate  solutions  for  G  can  be  obtained  from  equation 
(11).  First  it  is  convenient  to  define  dimensionless  variables 


*  r);  V  1 


and  seek  self  similar  solutions  of  the  form  G  =  G[z) 


The  resulting  ordinary  differential  equation,  derived  from  equation  13,  is  written 


J(e  +  zG')y]  +4/?!G'  =  0 

,  lf*£M(l>]  ,£[/>, (itnV 

it  OT.rf  t 


and  the  prime  denotes  differentiation  with  respect  to  2. 

Since  3  must  be  independent  of  *  for  similarity  to  hold,  the  exponents  m  and  n  in  the 
expressions  for  r|(f)  and  u(I)  respectively  must  satisfy  the  relation  2m  +  n  =  I,  thus  giving  from 
equation  (15). 

0 1  =  i»£/r?(l)/*lr,rf  (15«) 
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Since  m  =  it  can  be  seen  that  in  the  region  of  persistence  ( §  <  1.  £■  =  *.  n  =  l)  the 
corresponding  value  of  rn  is  m  =  0.  so  that  r,(x)  =  rj(I)  a=  r,(0).  Similarly,  in  the  region  of 
decay  (J  >  I,  ft  =  1.  n  =  0)  the  value  of  m  is  m  =  i,  so  that  rj(x)  =  ri(l)( 

In  order  to  obtain  the  solution,  G?(x),  equation  (14)  must  be  solved  subject  to  the  boundary 
conditions  (7(1)  =  1 . <7'(  1 )  =  0  (assuming  that  the  core  merges  with  the  potential  solution  [G  = 
I).  )  and  (7(0)  —  0  giving  zero  circumferential  velocity  at  the  center  of  the  vortex. 

Equation  14  is  nonlinear;  however  an  approximate  solution  can  be  found  in  two  steps:  since 
r  is  a  small  parameter  the  solution  G  for  c  =  0  is  found  valid  except  for  a  small  region  near 
the  center  of  the  vortex  where  zG'  <  c,  and  an  improved  solution,  using  the  approximation 
c  +  z€f  =  r  4-  :(/,  is  then  found  from  the  resulting  linear  equation. 


Thus,  with  c  =  0,  equation  14  becomes 


(!(!  +  4/?V/  =  0 


and  a  solution  satisfying  the  boundary  conditions  is  determined  as 


l-G  =  (l-zf 

1 


The  term  (r  +  zG’)  is  now  approximated  as 


r  +  zG'  as  <■  +  2<d  as  2(1  -  +  |) 


so  that  equation  14.  with  /?  =  1,  becomes 


(1  +  '-)j  +  2G'  =  0 


Which  has  the  improved  solution 


Equation  16  closely  approximates  equation  (16a)  for  small  values  of  r  except  for  z  —  0(c). 
corresponding  to  a  ‘laminar  subcore  at  the  center  of  the  vortex. 

All  of  the  relevant  characteristics  of  the  vortex  can  now  be  determined  using  equation  (16a), 
i.e..  the  length  of  persistence,  the  radius  of  the  turbulent  core,  the  radius  of  the  laminar  sub-core, 
the  velocity  profiles  and  the  variation  of  vortex  size  and  verity  with  distance  z  along  the  axis. 

First  the  integral  of  equation  8  can  now  be  evaluated  using  the  approximate  solution  G  — 
I  -(1  -  ;)J  giving 


thus  verifying  equation  8. 

The  characteristic  distance  of  persistence,  d  is  found  from  15a,  with  /?  =  1,  as 

rf  =  IFi7r?,0)  ,l7) 

The  same  result,  expressed  in  terms  of  the  aerodynamic  parameters  of  the  wing  (6.  and  AR) 
is  written 

"T<" 

The  radius  of  the  turbulent  core  rj  is  determined  as 


f|  =  r,(0)  for-  <  l 

rl(0)(!)‘  tor!  >  . 


i — 
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corresponding  to  the  region  of  persistence  and  decay  respectively. 
Alternatively,  in  terms  of  the  wing  parameters 


fi=>S  - 


hr  -<l 


(8k2  CL\*  -i{Z\lh  ,  x 

=(Tx«)*yj  f°r s > ■ 


with  d  given  by  equation  17a. 

The  circumferential  velocity  v$  is  determined  from  v$  =  as 

r, 


V,  =S 


tV'U), 


2trr,(0) 

-sSfi™©"*'  ;>' 


wh^re 


(18a) 


(19) 


- 7 - •  *<' 

V(2)  =  ^  X>1 

with  I  =  and  ri(x)  given  by  equation  (18),  d  by  equation  (17). 
Alternatively 


(20) 


tor  -<, 


for  ^  >  . 


(I9n) 


with  d  given  by  equation  (I7a).  The  variation  of  v§  with  J  is  shown  in  fig.  4. 


The  velocity  profile  V(z)  represented  by  equation  20  has  the  following  characteristics  (described 
in  fig.  5): 

(a)  For  z  <Z.  c.  V(*|  2*  giving  a  linear  variation  with  slope  *  near  the  center  of  the 

vortex  corresponding  to  the  laminar  subcore, 

(b)  For  c  <  z  <  1;  I'U)  =  2  —  z  corresponding  to  the  turbulent  core, 

(c)  For  z  >  I;  V'U)  =  j  corresponding  to  the  potential  vortex. 

The  maximum  circumferential  velocity  is  found  by  differentiation  of  V(z).  For  c  <  1  it  can 
be  shown  that  the  maximum  occurs  at  z  *  z*  =  (§  log  and  has  the  value 


V* 


(20a) 


For  most  purposes,  the  limiting  case  c  =  0  corresponding  to  infinitely  large  Reynolds  number, 
can  be  taken  giving 

l’*-2  at  z  =  0 
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3.  RESULTS  AND  DISCUSSION 

The  analysis  has  provided  approximate  closed-form  solutions  that  describe  the  structure  of 
the  turbulent  vortex  pair  generated  by  a  lifting  surface.  Two  regions  of  the  wake  are  identified; 
a  region  of  persistence  followed  by  a  region  of  decay.  The  initial  persistence  of  the  wake  is 
associated  with  ao  acceleration  of  the  flow  along  the  axis  of  the  vortex  causing  a  radial  inflow 
which  counteracts  the  outward  radial  diffusion.  When  the  axial  velocity  recovers  to  the  free 
stream  value  the  inflow  ceases  and  the  vortex  starts  to  decay. 

In  the  interest  of  brevity  the  results  discussed  here  will  be  primarily  for  the  case  of  an 
elliptically  loaded  wing  with  brief  mention  of  the  influence  of  inboard  and  outboard  loading  which 
may  be  determined  when  the  quantities  s  and  t  =  are  known.  The  general  expressions 

for  the  quantities  of  interest  are  given  in  equations  (17H20)  which  reduce  to  the  simpler  forms 
discussed  below  with  8  =  ^  and  t  =  1  corresponding  to  elliptic  loading. 


The  length  of  persistence  d  for  &  wing  of  elliptic  loading  is  given  by 


i=  10.4^5 


and  shows  that  the  length  of  persistence  varies  directly  as  the  product  of  the  span  and  the  aspect 
ratio  and  inversely  as  the  lift  coefficient.  For  a  typical  large  transport  aircraft  in  a  high  lift 
configuration  (6=200ft,  A/?= 7  and  Cj= 1)  the  length  of  persistence  is  approximately  14,000ft 
12  65  miles).  On  the  other  hand  for  a  typical  fighter  aircraft  (6=50ft,  A  =1,  0=2)  the  length 
of  persistence  is  only  250ft. 


Considering  now  a  description  of  the  vortex,  in  the  persistence  region,  the  i«uius  of  the 
turbulent  core  rj,  where  the  flow  departs  from  the  potential  vortex  is  given  by 

rj  =  1756 

independent  of  aspect  ratio  and  lift  coefficient.  The  laminar  subcore  radius,  taken  as  the  location 
of  maximum  velocity  depends  on  the  Reynolds  number  and  (for  elliptical  loading)  is: 


where  c  =  ,  Re  =  For  Re  ^  107,  c  =  .004  the  value  of  r*  ts 

r  =  018* 

thus,  for  a  transport  air-raft  of  200ft  span,  the  maximum  velocity  occurs  near  the  center  of  the 
core  at  a  radius  of  3.6ft. 


The  maximum  velocity  is  given  (again  for  elliptic  loading)  by 


Thus  for  the  transport  aircraft  (AR  =  7,Cf,  =  1)  and  U= 300ft /see  the  maximum  velocity  near 
the  center  of  the  vortex  i--  50ft/sec;  for  a  fighter  aircraft.  (AR  =  l,Ct«2  and  V  =  300ft/sec) 
however,  the  maximum  velocity  would  be  700ft/sec  (ignoring  compressibility  effects). 


In  the  decay  region,  i.e.  for  i  >  10.4£*6,  the  radius  of  the  turbulent  core  and  the  subcore 
grows  as  (jj^.i  e., 

«<&)'(()'. 

and 


For  the  transport  aircraft  given  in  the  previous  example  the  turbulent  core  extends  to  a 
radius  of  70ft  at  a  distance  of  10.8  miles  behind  the  aircraft  and  the  radius  r*,  at  which  the 
maximum  velocity  occurs,  is  approximately  7ft.  The  velocity  rj  at  this  point  is  25ft/sec.  For  the 
fighter  aircraft  the  velocity  rate  of  decay  with  dietance  is  greater  (since  the  velocity  reduces  by  a 
factor  of  2  in  a  distance  i  *  M.  and  4  is  only  250ft  is  this  caae). 
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From  the  general  equation  for  d  (equation  17a)  and  t»#  (equation  10a)  it  can  be  inferred  that 
configurations  which  have  smaller  values  of  v§  on  the  vortex  wake  (small  Ci<  large  .4/?,  large  «) 

also  have  larger  distances  of  persistence,  (and  those  configurations  having  higher  values  of  vj  have 
smaller  distance  of  persistence).  Moreover,  from  10a  it  can  be  seen  that  in  the  decay  region  the 
only  dependence  on  the  span  distribution  parameter  a  is  v$  ~  a~l,  a  relatively  weak  dependence 
which  suggests  that  the  reduction  of  the  high  velocities  in  the  far  wake  through  tailoring  of  the 
span  distribution  of  lift  is  not  a  very  promising  technique. 

Although  comparison  with  experiments  is  not  made  in  this  paper  it  has  been  found  that 
the  general  trends  are  reasonably  well  represented  by  the  analysis  given  here.  The  dependence 
of  persistence  on  the  axial  flow  at  the  center  of  the  vortex  probably  deserves  further  analysis, 
however,  including  the  influence  of  promoting  decay  through  mass  injection  thereby  permitting 
the  axial  flow  to  recover  earlier  to  free  stream  conditions. 

Finally,  application  of  the  solutions  given  here  to  rotor  wakes  also  deserves  mention.  In  this 
regard  the  effects  of  Reynolds  number  on  the  behavior  of  the  velocity  v$  near  the  axis  of  the 
vortex  may  be  much  more  important,  particularly  in  a  proper  description  of  the  interaction  of 
the  vortex  with  a  following  blade.  In  this  situation  the  effects  of  viscosity  in  the  laminar  subcore 
play  an  essential  role  in  eliminating  the  singularity  in  the  velocity  gradient  thereby  permitting  a 
realistic  calculation  of  the  vortex-blade  interaction  including  the  acoustic  field  so  generated. 
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Persistence 

Vortex  scale  and  velocity  unchanged 
with  distance  behind  the  aircraft 


Decay 

Vortex  radius  increases,  and  velocity 
decreases,  with  distance  behind  the 
aircraft 


Fig.?  Trailing  vortex  flow 


Fig.2  Vortex  structure:  (a)  Potential  flow,  (b)  Turbulent  flow, 
—  radius  of  turbulent  core,  r*  —  radius  of  laminar  subcore) 


4-1 


) 


lO 

(M 


t^lARY 


INSTABILITIES  IN  TRAILING  VORTICES: 
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is  noted  that  trailing  vortices  often  break  up  after  the  formation  of  disc  shaped 
disturbances.  Reference  is  made  to  a  flow  visualisation  experiment  performed  by  Fackrell 
in  which  similar  strongly  dissipative  disturbances  were  produced  in  the  laboratory.  De¬ 
tails  of  the  origin  and  development  of  this  instability  are  discussed.  To  obtain  quanti¬ 
tative  information  on  this  phenomenon  an  experiment  using  hot  wire  anemometry  and  a  con¬ 
ditional  sampling  technique  was  set  up.  Data  are  presented  on  a  solitary  wave-like  dis¬ 
turbance  which  was  found  on  the  outer  edge  of  the  core  and  convected  downstream  at  about 
the  same  velocity  as  the  ambient  fluid.  The  perturbation  flow  field  associated  with  this 
disturbance  is  not  axi- symmetric. 

INTRODUCTION 


Trailing  vortices  are  formed  when  t.a  shear  layers  shed  from  a  wing  roll  up  into 
two  cores  of  high  vorticity  in  which  no  trace  of  the  separate  turns  of  the  shear  layers 
can  be  found.  The  cores  have  appreciable  axial  velocity  components  and  are  usually  tur¬ 
bulent.  They  are  quasi-cylindrical,  i.e.  the  fluid  moves  in  spirals  around  the  axis  and 
variations  in  the  axial  direction  are  very  small  compared  with  variations  in  the  radial 
direction.  Such  a  concentrated  vortex  structure  would  be  very  enduring  if  simple  dif¬ 
fusion  were  the  only  form  of  decay  but  there  is  much  evidence  to  suggest  that  the  vor¬ 
tices  undergo  large-scale  instabilities  long  before  they  are  destroyed  by  diffusion. 


It  cannot  be  claimed  that  the  initial  rolling  up  process  in  which  these  vortices 
are  formed  is  as  yet  fully  understood.  The  problems  encountered  in  attempting  an 
analysis  of  this  process  can  be  seen  in  a  paper  by  Spreiter  and  Sacks  (1951)  who  deal 
with  both  subsonic  and  supersonic  flow  and  are  mainly  concerned  with  determining  the 
proper  vortex  distribution  to  be  used  for  calculating  downwash.  Their  results  show  that 
the  degree  of  rolling  up  of  the  vortex  sheet  is  dependent  on  the  distance  behind  the  wing 
and  on  the  lift  coefficient,  span  loading  and  aspect  ratio  of  the  wing.  For  low  aspect 
ratio  wings  the  vortex  sheet  is  shown  to  become  rolled  up  into  two  trailing  vortices 
within  a  chord  length  of  the  trailing  edge.  When  fully  formed  the  vortices  are  found  to 
have  an  axial  flow  within  their  core.  Batchelor  (1964)  attempted  to  account  for  this  in 
an  analysis  of  the  rolling  up  process,  concluding  that  it  is  a  consequence  of  the  highly 
three-dimensional  nature  of  the  flow  close  to  the  wing.  The  magnitude  and  radial  dis¬ 
tribution  of  the  axial  velocity  within  the  vortices  vary  widely  depending  on  the  shape 
of  the  wing,  the  value  on  the  centre  line  being  possibly  several  times  that  of  the  free 
stream.  Batchelor  also  considered  the  effects  of  viscosity  on  this  axial  flow  far  down¬ 
stream.  It  is  evident  that  the  effect  of  viscous  decay  is  to  increase  the  pressure  in 
the  core  and  hence  produce  axial  deceleration,  in  this  way  the  induced  drag  on  the  wing, 
associated  with  the  generation  of  the  trailing  vortex,  is  gradually  manifested  as  an 
ordinary  wake  with  an  axial  velocity  defect. 


MECHANISMS  LEADING  TO  THE  DECAY  OF  TRAILING  VORTICES 

Real  trailing  vortices  are  probably  turbulent  far  downstream,  whereas  Batchelor's 
analysis  is  for  a  laminar  vortex.  A  simple  approach  would  be  to  replace  the  kinematic 
viscosity,  v,  by  an  eddy  viscosity,  v?,  in  order  to  apply  this  work  to  turbulent  vor¬ 
tices.  Indeed  this  sort  of  representation  has  been  used  by  Squire  (1954)  in  proposing 
a  model *of  a  turbulent  vortex,  in  which  the  effect  of  turbulence  is  to  produce  an  eddy 
viscosity  of  uniform  strength,  proportional  to  the  circulation  around  circuits  distant 
from  the  core.  When  this  model  is  used  to  predict  the  decay  of  a  trailing  vortex,  the 
general  predictions  agree  fairly  well  with  experimental  results.  However,  Owen  (1970) 
points  out  that,  unless  some  mechanism  is  used  to  extract  energy  from  the  main  flow,  the 
turbulence,  confined  to  the  core,  will  suffer  a  rapid  decay.  Owen's  model  of  the  tur¬ 
bulent  vortex  sets  out  to  create  such  a  mechanism. 

Numerous  attempts  have  been  made  to  model  the  turbulent  decay  of  vortices  since 
Owen's  paper.  However,  there  is  a  large  body  of  experimental  evidence  available,  in¬ 
cluding  the  present  report,  which  suggests  that  the  vortex  undergoes  some  form  of  large 
scale  instability  which  rapidly  accelerates  its  decay.  The  vortex  thus  dies  long  before 
it  would  have  done  if  turbulence  within  a  quaai-cylindrically  structured  flow  had  been 
the  primary  dissipative  mechanism.  The  turbulent  flow  predictions  can  therefore  be  con¬ 
sidered  to  apply  to  a  'mid-period*  vortex.  The  development  during  this  phase  is  likely 
to  be  responsible  for  the  changes  in  the  velocity  distributions  within  the  vortex  that 
trigger  at  least  some  of the  instabilities  that  have  been  observed.  An  exception  to 
this  is  the  instability  attributed  to  Crow  (1970)  which  is  very  commonly  seen  in  photo¬ 
graphs  of  condensation  trails  (see  Figure  1)  and  which  does  not  appear  to  be  strongly 
influenced  by  the  structure  of  the  core. 

Crow  used  a  lengthy  and  Involved  argument  to  find  the  mode  favoured  by  the  instabi¬ 
lity.  Prom  this  he  concluded  that  the  vortices  distort  into  symmetric  waves  of  length 
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8.4  times  the  vortex  spacing  (b) ,  confined  to  fixed  planes  inclined  at  48°  to  the  hori¬ 
zontal.  The  instability  grows  by  a  factor  e  in  a  time  =  9. 4 (AR/CL) (b/U)  (U  =  velocity 
of  aircraft)  which  is  26  times  longer  than  the  time  given  by  Spreiter  and  Sacks  for  the 
vortex  sheet  behind  an  elliptically  loaded  wing  to  become  rolled  up,  i.e.  0. 36 (AR/CL) (b 
/U) .  So  the  growth  of  the  instability  is  slow  compared  to  the  initial  rolling  up. 

Figure  1  shows  clearly  this  type  of  gently  wavy  instability  in  the  condensation  trails 
that  mark  the  path  of  the  trailing  vortices  behind  an  aircraft  at  high  altitude.  It  is 
interesting  to  note  that  in  this  photograph  there  are  two  other  types  of  periodic  dis¬ 
turbances  evident;  ring-like  disturbances  on  the  core  of  the  upper  vortex  and  helical 
ones  on  the  lower.  These  are  not  often  seen. 

Crow  suggests  that  normally  the  vortex  cores  remcin  essentially  unchanged  but  be¬ 
come  more  and  more  wavy,  until  they  meet  at  the  nearest  points,  where  they  break  apart 
to  form  vortex  rings.  The  evidence  is  that  this  sometimes  happens  but  often  another 
mechanism  that  can  be  seen  clearly  in  Figure  2  appears  simultaneously  with  the  Crow 
instability.  This  second  instability  grows  rapidly  and  appears  to  take  a  dominant  role 
in  bringing  about  the  vortex  disintegration.  A  series  of  ’discs'  or  'knobs'  appear 
along  both  vortices.  At  first  sight  they  seem  to  be  akin  to  what  is  described  a  'vortex' 
breakdown',  observations  of  which  have  been  made  in  confined  swirling  flow  ex¬ 
periments  by  Harvey  (1962)  and  Sarpkaya  (1970)  and  on  low  aspect  ratio  wings,  e.g.  Lam- 
bourne  and  Bryer  (1962) .  In  this  phenomenon  there  is  an  abrupt  deceleration  of  the  flow 
along  the  axis  of  rotation.  The  deceleration  and  consequent  expansion  of  the  stream 
surfaces,  appears  as  if  a  solid  object  had  been  encountered  but  the  breakdown  occurs  far 
from  any  solid  surfaces.  In  many  cases  the  deceleration  is  enough  to  cause  a  stagnation 
point  on  the  axis  followed  by  a  region  of  reversed  axial  flow.  When  the  breakdown  oc¬ 
curs  near  a  wing  its  position  is  linked  to  the  pressure  field  set  up  by  the  wing  and  it 
remains  stationary  with  respect  to  the  wing.  In  contrast,  the  'disc'  or  'knobs'  refer- 
ed  to  above  appear  to  move  only  slowly  with  respect  to  still  air  and  thus,  as  far  as  the 
wing  generating  the  vortices  is  concerned,  are  convected  downstream  at  about  the  speed 
of  the  aircraft.  In  a  flow  visualisation  experiment  by  Fackrell  (1970)  a  towing  tank 
was  used  to  enable  the  long  term  growth  of  trailing  vortices  to  be  observed  and,  in  par¬ 
ticular,  make  it  practical  to  study  the  development  of  any  disturbance  that  move  slowly 
with  respect  to  the  ambient  fluid.  Fackrell' s  experiments  were  done  in  water  at  Imperial 
College  and  photographs  taken  from  his  report  which  was  not  widely  publicised  are  repro¬ 
duced  as  Figure  3  in  this  paper.  They  show  the  development  of  an  instability  into  a  disc¬ 
like  disturbance  which  closely  resembled  the  phenomenon  commonly  seen  in  condensation 
trails  and  illustrated  in  Figure  2. 

In  this  experiment  the  core  of  one  trailing  vortex  was  made  visible  with  dye  ejected 
from  the  wing.  His  observations  are  of  particular  interest  in  that  they  show  how  these 
disturbances  are  initiated.  In  Figure  3  several  of  Fackrell' s  photographs  are  repro¬ 
duced.  In  Figure  3(a)  a  small  U-shaped  vortex  can  be  seen  which  forms  wrapped  around 
the  outside  of  the  core.  Just  before  the  emergence  of  this  U-shaped  vortex  Fackrell 
noted  that  the  dye  in  the  main  vortex  core  changed  and  took  on  a  longitudinally  striated 
appearance,  possibly  indicating  the  onset  of  some  instability.  The  U-shaped  vortex  is 
quickly  stretched  because  of  the  variations  in  swirl  velocity  to  become  the  pair  of  con¬ 
tra  rotating  "qua si -ring"  vortices  seen  on  the  left  in  Figure  3(b).  The  rings  move 
apart  leaving  a  much  thinner  and  less  energetic  core  behind.  It  would  seem  that  much  of 
the  vorticity  which  lay  originally  in  the  trailing  vortex  axial  direction  has  been  ro¬ 
tated  into  the  circumferential  direction.  Figure  3(b)  shows  on  the  right  another  ring 
which  had  originated  beyond  the  field  of  view  of  the  earlier  photograph.  This  ring  and 
the  nearer  of  the  first  pair  approach  each  other  and  the  sequence  of  photographs  3(c)  to 
(e)  illustrate  how  this  mechanism  sweeps  up  dye  and  finally  leads  to  the  formation  of  a 
'disc'  shaped  cloud  closely  resembling  the  features  seen  in  Figure  2.  This  process  is 
highly  turbulent  and  very  dissipative.  The  'break-downs'  occurred  far  downstream  of  the 
wing  and  they  moved  only  slowly  with  respect  to  the  ambient  find.  There  was  no  meaning¬ 
ful  correlation  between  the  formation  of  these  vortex  rings  and  the  Crow  instabilities 
which  were  also  noted. 

While  flow  visualisation  experiments  are  extremely  valuable  in  developing  an  un¬ 
derstanding  of  the  physics  of  a  flow,  quantitative  measurements  cannot  usually  be  ob¬ 
tained  from  them.  Thus  an  experiment  complementing  Fackrell *s  work  has  been  undertaken. 


CONDITIONAL  SAMPLING  OBSERVATIONS  OF  A  VORTEX  INSTABILITY 


In  this  study  of  one  possible  instability  of  aircraft  trailing  vortices,  the  flow 
far  behind  a  delta  wing  in  a  low  speed  wind  tunnel  was  examined  for  a  disturbance  which 
moved  roughly  with  the  outer  flow  velocity. 

In  an  attempt  to  artificially  age  the  vortices  the  first  experiments  were  conducted 
with  a  1.6  m  chord  delta  wing  placed  upstream  of  the  contraction  of  the  wind  .unnel.  This 
was  an  interim  measure  pending  the  completion  of  the  8. 53 m  working  section  in  which  all 
subsequent  experiments  were  carried  out.  Cross-wire  surveys,  examples  of  which  are  shown 
in  Figure  4,  taken  within  the  vortex  cores,  showed  that  the  fluctuating  velocity  compo¬ 
nents  remain  fairly  constant.  However  their  product  uv  or  uw  appears  to  have  large 
bursts  at  irregular  intervals.  The  velocity  coordinate  system  is  u,  v,  w;  u  is  in  the 
same  direction  as  Uw,  v  is  radial  and  w  is  the  azimuthal  velocity  component.  The  wing 
Reynolds  number,  Rew,  based  on  the  centre-line  chord  was  1.65  *10*.  The  magnitude  of 
the  bursts  was  typically  10-12  times  that  of  the  rest  of  the  uv  or  uw  signal  and  varied 
in  size  according  to  the  position  in  the  vortex.  The  best  position  for  obtaining  these 
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bursts  was  that  of  the  edge  of  the  core  of  the  vortex,  the  bursts  being  more  pronounced 
in  the  trace  of  the  uw  signal. 

In  an  attempt  to  study  the  structure  of  the  vortex  at  the  occurrence  of  such  a 
burst  a  conditional  sampling  technique  was  employed.  A  cross-wire  positioned  on  the 
edge  of  the  core  of  the  vortex  under  study  was  used  to  generate  a  trigger  signal  from 
the  product  of  the  fluctuating  velocities.  The  high  magnitude  of  uw  at  'burst' 

(f(t+rn))  was  used  to  start  a  data  recording  system.  The  actual  point  at  which  trigger¬ 
ing  occurred  was  determined  by  uw  exceeding  a  threshold  value  and  it  was  designated  the 
centre  of  a  data  record  f(t).  For  each  f(t+rn)  signal,  a  fresh  f(t)  was  superimposed 
on  the  average  of  previously  recorded  signals  using  a  digital  technique.  This  was 
necessary  since  each  individual  record  had  high  levels  of  noise  due  to  turbulence  super¬ 
imposed  on  any  coherent  structure. 

With  this  conditional  sampling  technique  a  "general  picture"  of  the  structure  of 
the  disturbance  was  obtained  by  traversing  a  single  hot-wire  horizontally  through  the 
centre  of  one  of  the  vortices.  In  Figure  5  it  can  be  seen  that  the  structured  dis¬ 
turbance  varied  in  shape  for  different  positions  throughout  the  vortex.  Placing  the 
single  wire  at  three  downstream  positions  relative  to  the  trigger  probe,  the  speed  at 
which  the  disturbances  travelled  was  calculated  to  be  approximately  that  of  the  sur¬ 
rounding  undisturbed  flow,  see  Figure  6.  Observations  made  some  distance  away  from  the 
vortices  confirmed  that  the  disturbance  was  restricted  only  to  the  vicinity  of  the  core. 

Greater  detail  of  the  disturbance  was  obtained  by  replacing  the  single  wire  with 
a  cross-wire;  measurements  of  the  fluctuating  velocities  were  in  both  cases,  taken 
using  the  negative  peak  of  the  uw  trigger  signal.  The  wave-like  disturbance  was  found 
to  be  present  in  all  velocity  components  throughout  the  range  of  radial  coordinates  of 
-2.11a  to  2.63a,  where  a  is  the  core  radius.  The  core  diameter  is  defined  as  the  dis¬ 
tance  between  the  maxima  in  swirl  velocity  amplitude. 

The  amplitude  of  the  disturbance  was  greatest  within  and  just  outside  the  core  of 
the  vortex  and  the  region  of  rapid  change  from  positive  to  negative  peak  extended  about 
20  cm.  The  overall  disturbance  was  about  1  m  long  and  it  occurred  at  random  intervals. 

It  did  not  appear  to  be  linked  with  the  Crow  instability  for  which  the  most  unstable 
long  wave  would  have  a  length  of  2  m.  Figure  7  shows  a  vector  plot  of  the  disturbance 
constructed  from  the  hot  wire  surveys.  This  shows  a  structured  perturbation  flow  which 
is  completely  asymmetrical.  Axisymmetry  had  been  assumed  implicitly  in  setting  up  this 
experiment.  This  is  not  correct  and  a  full  three-dimensional  investigation  would  be 
needed  to  determine  the  physical  nature  of  this  flow. 

These  experiments  were  repeated  with  a  similar  smaller 0.71  m  chord  delta  wing  mounted 
at  an  angle  of  incidence  of  -12.5°  at  the  beginning  of  the  8.53m  working  section. 
Velocity  measurements  were  again  taken  with  a  cross-wire  using  the  conditional  sampling 
technique  triggered  mostly  from  the  negative  peak  of  the  uw  triggering  signal;  a  few 
measurements  were  also  taken  using  the  positive  peak.  The  measuring  cross-wire  was 
traversed  horizontally  through  the  core  of  one  of  the  vortices  and  positioned  such  that 
it  lay  parallel  to  the  local  streamlines  of  the  flow.  The  measuring  station  was  21  ver¬ 
tex  spacings  downstream  of  the  trailing  edge  of  the  wing  and  the  wing  Reyi  >lds  number, 
Rew,  was  1.18xio#.  Very  similar  disturbances  to  ones  discovered  previously  were  found 
in  the  streamwise  component  fluctuating  velocity.  The  separation  of  the  vortices  was 
262  mm,  thus  the  wavelength  of  the  maximally  unstable  Crow  instability  would  be  2.2  m. 

As  can  be  seen  from  Figure  8  the  disturbance  began  to  form  at  -1.93  core  radii  (a) 
from  the  centre  of  the  vortex  and  increased  in  amplitude  until  the  -0.67  a  position, 
by  the  next  position  (-0.33a)  the  disturbance  had  begun  to  decay  and  at  the  centre  of 
the  vortex  it  had  died  out  completely.  Only  a  very  weak  reappearance  was  seen  on  the 
other  side  of  the  core  at  +2.07.  Had  the  wave  been  generated  by  'snaking*  of  the  vor¬ 
tex  past  the  fixed  probe  (for  example,  due  to  a  Crow  instability)  an  asymmetrical  pat¬ 
tern  about  the  vortex  centre  would  have  been  expected.  A  few  positions  in  the  vortex 
were  studied  using  the  positive  peak  of  the  uw  trigger  signal  in  the  conditional  samp¬ 
ling  technique.  The  positively  triggered  disturbance,  see  figure  9,  appeared  to  be  a 
reversed  and  inverted  image  of  the  negatively  triggered  disturbance.  Compare  the  -1.1a 
position  in  Figure  8  with  the  -1.43a  position  in  Figure  9.  For  completeness  measurements 
of  the  mean  azimuthal  velocity  and  the  turbulence  intensities  for  this  vortex  are  shown 
in  Figures  10  and  11. 

It  is  appreciated  that  great  care  has  to  be  exercised  in  interpreting  conditionally 
sampled  data  since  the  results  can  only  be  at  best  the  envelope  of  a  series  of  events 
which  may  differ  markedly  from  each  other.  The  effect  of  'jitter'  on  the  triggering 
will  further  distort  the  result.  Even  so,  it  is  felt  that  these  experiments  establish 
that  a  structured  disturbance  existed  on  the  edge  of  vortex  core  which  moved  at  a  con¬ 
stant  speed  equal  or  nearly  equal  to  that  of  the  freestream.  The  disturbance  was  of  a 
solitary  wave  type  and  not  axlsymmetric.  This  is  of  some  importance  since  roost  of  the 
theoretical  studies  of  vortex  instability  have,  for  obvious  reasons,  assumed  symmetry 
about  the  axis. 


CONCLUDING  REMARKS 


The  type  of  breakdown  observed  in  Fackrell's  and  the  present  experiments  is  differ¬ 
ent  from  that  commonly  referred  to  as  'Vortex  Breakdown'  as  the  disturbance  does  not 
emanate  from  the  vortex  axis  and  exhibits  marked  asymmetry  (see  Figure  6) .  The  toroidal 
vortices,  seen  in  Fackrell 's  experiment,  around  the  core  are  strongly  reminiscent  of  those 
observed  by  Taylor  (1923)  in  the  unstable  flow  between  two  rotating  cylinders.  The 
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possibility  of  a  trailing  vortex  becoming  unstable  in  the  Rayleigh  sense  (1917)  has  al¬ 
ready  been  suggested  by  Govinoaraju  and  Saffman  (1971)  and  Donaldson  and  Sullivan  (1971) 
who  have  predicted  that  an  overshoot  in  the  radial  circulation  distribution  could  de¬ 
velop  as  a  result  of  turbulent  transport.  It  is  difficult  to  be  certain  that  their  re¬ 
sults  are  truly  representative  of  the  real  flows  since  their  flow  models  are  oper  to 
criticism,  nevertheless  an  argument  based  on  this  overshoot  concept  appears  to  agree 
well  with  these  observations  which  themselves  show  a  close  similarity  to  the  breakdown 
seen  in  condensation  trails.  The  association  between  toroidal  vortices  and  the  Rayleigh 
criterion  for  instability  is  well  established  but  the  mechanism  leading  to  their  for¬ 
mation  has  remained  obscure.  If  a  quasi-cylindrical  vortex  becomes  unstable,  for  example, 
due  to  a  circulation  overshoot  mechanism  discussed  above,  the  core  will  then  no  longer 
maintain  its  true  axi-symmetry .  If  its  edge  is  distorted  away  from  the  axis  its  rate  of  ro¬ 
tation  will  be  reduced  as,  for  example,  demonstrated  by  Batchelor  (1967)  who  considered 
a  sinusoidal  perturbation  to  a  core  boundary.  If  one  now  considers  bundles  of  vortex 
filaments  from  the  edge  of  the  core,  these  will  revolve  about  the  vortex  axis  less  rapidly 
at  the  site  of  the  instability.  They  will  become  distorted  into  the  U-shape  vortex 
shown  in  Figure  3  and  eventually,  after  much  attendant  stretching,  into  quasi-vortex 
rings  as  argued  earlier.  Fackrell's  experiments  showed  this  happening  in  some  instances. 
However,  many  of  his  observations,  in  common  with  the  present  wind  tunnel  studies, 
pointed  strongly  to  asymmetries  developing,  although  a  final  flow  exhibiting  the  'disc 
like'  phenomenon  usually  evolved.  While  the  very  considerable  value  of  theoretical  studies 
of  axisymmetric  instabilities  on  vortices  is  appreciated,  it  is  suggested  that  attention 
should  be  focussed  on  analysing  possible  flow  patterns  in  which  such  symmetry  is  not 
assumed. 
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X  is  the  distance  moved  by  the  measuring  hot-wire  relative  to  the  trigger  cross-wire. 
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RESUME 

L' interaction  entre  une  atructure  tourbillonnaire  enroulde  (vortex)  et  une  onde  de  choc  normale  k  l'axe 
de  la  structure  a  dtd  dtudide  sur  les  deux  plans  :  experimental  et  thdorique.  Des  mesures  systdmatiques 
effectudes  pour  quatre  valeurs  du  nombre  de  Mach  comprises  entre  1,6  et  2,28  ont  permis  de  caractdriser 
l'effet  du  choc  pour  les  interactions  ians  dclatement.  Elies  ont  dgalement  conduit  ft  la  definition  d'une 
limite  d'dclatement  en  fonction  des  deux  paramktres  :  intensity  du  choc,  taux  de  rotation  du  vortex.  Deux 
configurations  done  une  dclatde,  ont  dtd  analysdes  plus  finement  au  vdlocimktre  laser.  Pour  un  dclatement, 
la  structure  moyenne  de  l'dcoulement  mdr'.dien  inclut  un  "bulbe  de  recirculation"  feme  situd  sur  l'axe 
du  vortex.  Une  moddlisation  a  dtd  ddveloppde  h  partir  des  equations  d'Euler  stationnaires .  Tant  que  le 

vortex  n'dclate  pas,  elle  donne  une  description  fiddle  des  phdnomknes  et  prddit  mtme  une  limite  d'edatement 
en  bon  accord  avec  1* experience. 


INTERACTION  BETWEEN  A  SHOCK-WAVt  ANP  A  PORTFX  F/.0W 


SUMMARV 

The  interaction  between  a  vortex  and  a  shock-wave  normal  to  the  streamwiee  axis  of  the  vortex  has  been 
studied  both  experimentally  and  theoretically.  Measurements  have  been  made  for  four  values  of  the  upstream 
Mach  number  ranging  from  1.6  to  2.28.  They  allowed  the  characterisation  of  the  shock  effect  on  the  vortical 
flow  structure  when  breakdown  does  not  occur.  They  also  led  to  the  definition  of  a  breakdown  limit  function 
of  the  two  parameters  :  normal  shock  strength  -  vortex  swirl/ratio  Two  flow  configurations  associated 
respectively  with  interaction  without  and  with  vortex  bursting  have  been  carefully  probed  by  using  a  two- 
color  LDV  system.  When  breakdown  occurs,  the  mean  meridian  motion  comprises  a  "recirculating  bubble"  near 
the  axis  of  the  atructure.  A  flow  model  has  been  developed  in  the  framework  of  the  Euler  equations.  As 
long  as  the  vortex  does  not  burst,  the  calculations  thus  made  give  a  faith full  description  of  flow 
phenomena.  They  also  predict  a  limit  for  vortex  breakdown  which  agrees  satisfactorily  with  experiment. 


1  -  INTRODUCTION  - 

L* interaction  entre  une  onde  de  choc  et  une  structure  tourbillonnaire  enroulde  est  susceptible  de  se  produire 
sur  un  avion  de  combat  dvoluant  k  grande  incidence  et  en  tranasonique  dlevd  lorsque,  par  exemple,  le 
tourbillon  gdndrd  par  un  canard  traverse  un  choc  prenant  naiasance  prta  du  bord  de  fuite  de  l'aile.  Un  tel 
phdoomtne  eat  dgalement  concevable  sur  un  avion  aupersonique  oh  il  peut  arriver  que  le  tourbillon  engendrd 
par  une  surface  portante  aoit  "avald"  par  une  prise  d'air  placde  plus  en  aval.  Le  probltme  de  mdcanique 
dea  fluides  qui  se  pose  dans  ces  circonstances  peut  se  formuler  schdmatiquement  dans  les  tenses  suivants  : 
que  se  passe-t-il  quand  une  structure  tourbillonnaire  organisde  autour  d ' un  axe  Qz  .  sens ib lenient  alignd 
evec  le  coursnt  principal,  traverae  une  onde  de  choc  perpend iculai re  k  Oz  ?  Et  plus  prdcisdment ,  le  saut 
de  preaaion  resultant  du  choc  ne  peut-il  pas  ddatabiliser  l'dcoulement  et  provoquer  1* dclatement  de  la 
structure  ?  Ce  dernier  point  eet  extrdmement  important  pour  les  applications  puisque  l1aile  au-dessus 
de  laquelle  1 'dclatement  aurvient  subit  une  chute  brutale  de  portence,  le  plus  souvent  de  aunitre  dissy- 
mdtrique,  e'est-k-dire,  qu'en  gdndral,  l'dclatement  ne  se  produit  ni  en  m6me  temps,  ni  k  des  endroits 
identiques  sur  checune  des  ailes  de  1' avion.  D'oh  1' apparition  de  moments  importents  qui  peuvent  rendre 
le  contrGle  de  l'appareil  ddlicat.  Dans  le  cas  de  la  prise  d'air,  l 'dclatement ,  qui  se  manifeste  par  la 
formation  d'un  dcoulement  fortement  fluctuant  et  trks  disaipatif,  entretne  une  perte  d'efficacitd  et  peut 
amorcer  des  instability  de  fonctionnement  du  groupe  propulaeur. 

A  notre  connaiaaence,  le  probltme  de  1 ' interaction,  tel  qu'il  eet  formuld  ci-dessua,  a  dtd  trks  peu  dtudid 
et  il  est,  de  ce  fait,  fort  mal  connu,  (1,  2,  3].  En  consequence,  dans  le  cadre  d'une  premitre  epproche  k 
caracttre  surtout  fondamental.  on  eat  tout  naturellement  conduit  k  ddfinir  dea  configurations  d'dtude 
* chdmatiquea  oh  lea  paramttres  d 'influence  pris  en  compte  eont  en  n ombre  rdduit.  Ainai  (voir  fig.l),  le  choc 
sera  normal  k  l'axe  fla  matdrialisant  la  direction  de  l'dcoulement  principal  amont  suppose  uniforme  k 
l'extdrieur  de  le  structure  tourbillonnaire.  L'intenaite  du  choc  aera  done  uniquement  definie  par  le  nombre 
de  Mach  Mm  sur  sa  face  amont. 

L'enroulement  tourbillonnaire,  que  nous  ddsignerona  egalement  par  le  notn  de  "vortex"  dans  ce  qui  suit, 
eat  suppose  presenter  une  symetrie  de  revolution  sutour  de  l'axe/)^  .  11  s’egit  evidetmaent  d'une  ahdmati- 
sstion,  les  tourbillons  erdda  experiment element  n'dtant  jamais  parfai Cement  de  revolution,  Toutefois,  les 
mesures  effectudes  ont  montrd  que  lea  auppoaer  axiaymdtriquea  est  une  approximation  raisonnable.  La  "force" 
ou  intensitd  du  vortex  sera  caractdritde ,  en  premitre  approximation,  par  le  taux  de  rotation  Z  -  Le  para- 
mttre  Z  eat  ddfini  comme  le  rapport  d«  la  vitesse  tangent ielle  maximale  ty*  k  la  vitesae  axiale  pdri- 
phdrique  locale  Vxt  (voir  fig.l). 

En  fait,  e'est  dans  un  souci  de  simplif icat ion  qua  seulement  deux  paramttree  seront  dvoquds  dens  ce  qui 
ve  suivre.  Dans  la  rdalitd  la  situation  eat  plus  complex# .  Le  comportement  du  tourbillon,  via-k-vis  de 
l'dclatement  notsnment,  depend  de  la  forme  locale  des  distributions  de  vitesse  longitudinale  et  tangen- 
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tie  lie  (tant  que  le  vortex  n'est  pas  dclatd,  la  composante  radiale  Vr  eat  gdndralement  trds  faible  et 
joue  un  r61e  aecondaire).  Ainsi  le  profil  axial  V*  (r)  peut  coraporter  soit  un  deficit  (  Kr0  /  <  1)> 

soit  un  excds  (  V*0  /Vz^  )  1)  de  vitease  aur  l 'axe  selon  aon  mode  de  gdndration  et  plus  gdndralement 

selon  aon  hiatoire  antdrieurement  ft  aa  rencontre  avec  un  choc.  11  pourra  en  rdsulter  dea  interactions  de 
nature  trds  diffdrente.  L'dtude  qui  va  dtre  prdsentde  ici  eat  limitde  su  css  #  1  •  Sea 

objectifs  dtaient  lea  suivanta  : 

-  analyser  le  comportement  d'un  dcoulement  tourbillonnaire  quand  il  eat  aoumis  ft  1* action  d'une  onde  de  choc, 

-  ddfinir  une  limite  d 'dclatement ,  c  'est-ft-dire  prdciser,  pour  cheque  intensity  du  choc,  la  valeur  litnite 
du  taux  de  rotation  au-delft  de  laquelle  la  discontinuity  de  preaaion  provoque  1 'dclatement  du  vortex. 

Cette  dtude  a'inacrit  dans  un  programme  de  recherche  plus  gdndral  que  l'ONERA  conaacre  aux  dcouiements 
tourbil lonnairea .  En  particulier,  le  probldme  de  l’dclatement  en  dcoulement  incompressible  est  l'objet  d'une 
autre  communication  h  ce  rodme  symposium  [4], 

Dans  ce  qui  suit,  sera  d'abord  prdsentde  une  analyse  expdrimentale  des  phdnomdnes  mettant  notamment  en  jeu 
la  vdlocimdtrie  laser.  Enauite,  une  moddlisation  dans  le  cadre  dea  Equations  d'Euler  sera  exposde- 

2  -  ETUDE  EXPEMUENTALE  - 

2.1  -  Montage  d'eMcu.  et  tedinigueA  de  meAuAe  - 

La  partie  expdrimentale  de  l'dtude  a  dtd  exdcutde  dans  une  soufflerie  superaonique  A  retour  (soufflerie  S5Ch 
de  l'ONERA)  fonctionnant  en  continu.  Sa  veine  bidimensionnelle  a  une  largeur  de  300  mm.  Elle  peut  dtre  amd- 
nagde  soit  en  tuydre  complete  (la  section  d'essai  eat  alors  de  300  x  300  nnv,  soit  en  demi-tuyftre  (section 
dgale  ft  300  x  150  mm?).  Des  nombres  de  Mach  Afm  diffdrents  sont  rdalisds  par  changement  des  blocs  tuydre 
Pour  lea  presents  essais,  lea  conditions  gdndratrices  de  l'dcoulement  amont  dtaient  lea  auivantea  : 

-  pression  f.im  •  53  kPa, 

-  tempdrature  absolue  :  ?im  ■  300  K. 

Un  choc  normal  est  crdd  au  moyen  d'un  diapositif  en  forme  de  prise  d'air  bidimensionnelle  money  dans  la  partie 
de  la  veine  ou  1  'dcoulement  supersonique  est  uniforme  (  fig.2).L’n  obstructeur  mobile  placd  en  aval  provoque  le 
blocage  de  1 'dcoulement  sortant  de  la  prise  d'air.  Le  ddbit  captd  p®ut  ainsi  dtre  ajustd  de  fsqon  telle  que 
le  choc  droit  se  place  juste  en  amont  du  plan  d'entrde  de  la  prise  d'air  (la  distance  de  ddtachement  dtait 
voisine  de  5  mm  dans  toutes  les  configurations  testdes). 

..e  vertex  est  engendrd  par  une  aile  dont  1' incidence  est  rdglable  de  manidre  ft  pouvoir  faire  verier  le  taux 
de  rotation.  Ce  "gdndrateur  de  tourbil Ion"  peut  fctTe  placd  : 

a)  dans  la  partie  superaonique  de  la  tuydre,  position  qui  donne,  au  niveau  du  choc,  le  taux  de  rotation  le 
plus  dlevd  ft  incidence  fixde.  La  contrepartie  de  cette  disposition  est  la  formation  indvitable  d'ondee 
perturbatricea  aasez  intenaes  pour  altdrer  gravement  le  phdnondne  ft  analyser  ; 

b)  dans  la  partie  subsonique  de  la  tuydre,  c'est-i“dire  en  amont  du  col.  L'avantage  dvident  de  ce  montag*  est 
1 'absence  de  toute  perturbation  gdnante.  En  revanche,  il  ne  perraet  pas  de  rdaliser  des  taux  de  rotation  Z 
dlevd.  En  effet,  Z  qui  peut  dtre  initialement  ijnportant  juste  en  aval  de  l'aile,  diminue  ensuite  fortement 
en  raison  de  1 ' accdldration  de  l'dcoulement  au  cours  de  la  ddtente  dans  la  tuydre.  Ceci  s'explique  par  le 
fait,  ddmontrd  ft  la  foia  par  le  calcul  et  par  l’expdrience,  qu'un  vortex  aoumis  ft  une  accdldration  volt  sa 
composante  de  vitesae  axiale  croitre  alors  que  sa  composante  tangent ielle  demeure  pratiquement  invar iante. 

Il  en  rdsulte  une  diminution  du  taux  de  rotation  qui,  en  consdquence,  ne  pourra  avoir  au  niveau  du  choc 

des  valeurs  ausai  dlevdes  qu'avec  la  disposition  prdeddente. 

Lea  rdaulcats  prdsentda  ici  ont  dtd  obtenus  avec  l'aile  placde  en  subsonique,  la  puretd  de  l'dcoulement  ft 
analyser  dtant  un  critdre  ddterminant  pour  une  dtude  ft  caractdre  fondamental.  La  limitation  du  taux  de 
rotation  n'dtait  d'ailleurs  pas  vraiment  une  gdne  dans  la  mesure  ou  lea  valeurs  de  Z  rdalisdes  dtaient 
quand  rod  me  suffisantes  pour  obtenir  des  interactions  avec  dclatement. 

En  fait,  deux  montages  expdrimentaux  conqus  tous  deux  selon  le  principe  b  ont  dtd  rdaliads.  Ie  premier, 
reprdsentd  schdmatiquement  figure  2a,  a  servi  pour  les  explorations  ft  la  sonde  de  pression  dont  les  objectifs 
assentiels  dtaient  : 

s)  de  qualifier  le  dispoeitif  d'essai  adoptd  et  de  ddfinir  la  structure  des  tourbillons  gdndrds  par  l'ai*e 
(contrdle  de  la  symdtrie  et  ddtermination  du  taux  de  rotation  en  fonction  de  1' incidence  et  du  nombre  le 
Mach  Mm  ) . 

b)  de  ddterminer  la  limite  1 'dcoulement  en  fonction  de  Z  et  de  sf#  . 

Pour  ce  montage,  la  veine  dtait  dquipde  en  demi-tuydre.  Le  "gdndrateur  de  choc"  a  une  section  d'entrde  de 
100  mm  de  haut  et  de  200  nss  de  large.  Il  est  muni  de  bords  d'attaque  aigus  et  dquipd  de  fendtres  lstdrales 
afin  de  permettre  1 'observation  (dventuelle)  du  pbdnomdne.  Le  gdndrateur  de  vortex  est  une  deni-aile  delta 
montde  sur  la  paroi  infdrieure  de  la  veine.  Ses  caractdristiques  gdomdtriques  principales  sont  les  suivantes 
envergure  de  62,5  mm  ;  corde  ft  1'emplanture  de  310  mm  ;  fldche  dgale  ft  75*. 

Ce  premier  montage  s' est  rdvdl-4  in.idaptd  pour  les  roesures  psr  vdlocimdtrie  laser  en  raison  : 

a)  des  trop  faibles  dimension#  des  fendtres  d 'observation  ; 

b)  de  la  hauteur  insuffisante  de  la  prise  d'air  dont  les  parois  haute  et  basse  trop  rapprochdes  risquaient 
de  produire  un  effet  de  confinement  gdnant,  spdcialement  quand  le  vortex  delate. 

Un  deuxidme  montage  (voir  fij.  2b)  a  done  dQ  dtre  rdalisd.  Il  utilise  la  tuydre  comp lft te  dans  lsquelle  il  a 
dtd  possible  d’ installer  une  prise  d'air  de  section  164  x  184  an2.  Les  fenitres  d ^observation  sont  sensible- 
ment  plus  grandes.  Le  vortex  eat  ici  gdndrd  par  une  demi-aile  type  "Concorde"  de  100  cm  d' envergure  et  ayant 
une  corde  ft  1'emplanture  de  260  mm. 


5-3 


Dans  une  premifere  6 tape  de  l'dtude,  les  champs  de  vitesse  moyenne  et  de  press  ion  ont  dtd  me  surds  £  l'aide 
d'une  sonde  andmo-clinomdtrique  coni  que  comportant  cinq  orifices  de  pression  et  dont  le  diamdtre  dtait  de 
1,5  mm  [5].  La  sonde  est  tenue  par  un  explorateur  dont  le  ddplacenent  est  conmandd  par  un  raini-ordinateur 
selon  un  trajet  prd-progranmd  (6 ] • 

L' analyse  fine  de  configurations  typiques  a  dtd  exdcutde  au  moyen  d'un  Vdlocim&tre  Laser  ddveloppd  par  la 
Direction  de  la  Physique  de  l'ONERA  [7].  11  s’agit  d'un  appareil  bidirectionnel  mesurant  simul tankmen t 
deux  compo8antes  du  vecteur  vitesse  ;  la  figure  3  en  donne  le  schema  de  principe.  La  source  est  un  laser 
£  Argon  ionisd  pouvant  dmettre  une  puissance  oaximale  toutes  raies  de  15  U.  Les  rayonnements  bleu  (longueur 
d'onde  A  *  0,4880 /N  )  et  vert  (  A*  0,5145  a*  )  sont  focalisds  pour  interfdrer  dans  un  volume  de  mesure 
dont  le  diam&tre  utile  est  d'environ  400 fun  .  Les  deux  systdmes  de  franges  sont  inclines  £  ♦  45°  par  rap¬ 
port  £  l'horizontale.  Afin  de  pemettre  au  syst&me  de  ddtecter  1 'orientation  du  vecteur  vitesse  mesurd , 
les  faisceaux  traversent  des  modulateurs  acousto-optiques  (cellules  de  Bragg). 

Le  vdlocimdtre  fonctionne  selon  le  mode  diffusion  directe  de  manidre  £  bdndficier  d'un  rapport  signal/bruit 
maximal,  ce  qui  est  essentiel  pour  la  mesure  des  vitesses  dlevdes.  Les  frequences  Doppler  sont  me-turdee 
par  des  coapteurs  DISA  55L  connectds  £  un  mini-ordinateur  par  1 ' intermddiaire  d'un  "numdrisateur  simultand". 
Cet  appareil  contrdle  la  simultanditd  des  mesures  effectudes  sur  les  voiea  verte  et  bleue  de  manidre  £  ne 
permettre  1 ' acquisition  que  s'il  s'agit  bien  de  la  tndme  particule  qui  vient  de  traverser  le  volume  de 
mesure. 

Pour  )i  plupart  des  explorations,  il  dtait  procddd  £  1 ' acquisition  de  500  couples  de  valeurs  des  composantes 
de  la  vitesse  en  cheque  point  de  mesure.  Afin d  'obtenir  une  meilleure  resolution,  les  histogratmes  £  deux 
distensions  prdsentds  paragraphe  2.2.3  ont  dtd  dtablis  sur  des  dchantillons  de  6000  couples. 

L’dcouleswnt  dtait  ensemencd  par  de  la  fuade  d'encens  dtnise  dans  la  chambre  de  tranquillisation  de  la 
souff lerie . 

Pour  les  deux  parties  de  l'dtude  expdrimentale ,  lea  points  de  mesure  sont  repdrds  dans  un  syst&me  d'axes 
orthogonaux  Oxuf  dont  l'origine  est  dans  le  plan  d'entrde  de  la  prise  d'air.  L'axe  Ox  est  horizontal 
et  sensiblement  parallels  £  l'axe  du  vortex,  Ou  est  l'axe  transversal  et  O}  est  vertical.  Les  rdsultats 
exploitds  aeront  prdsentds  dans  un  systdme  de  coordonndes  cylindriques  oft,  pour  se  con former  £  1' usage  le 
plus  courant,  r  designers  la  distance  radiale  depuis  l'axe  du  vortex  et  Z  la  coordonnde  longitudinsle . 

2.2  -  Pfit&zntation  du  n.&6ul£cU6  - 


2.2.1  -  - 

Dans  une  p remit re  partie  seront  analysts  lea  rdsultats  obtenus  £  partir  des  mesures  £  la  sonde  de  pression. 
Compte  tenu  des  limitations  de  cet  instrument,  1* accent  a  dtd  mis  alors  sur  l'examen  d' interactions  dont 
1' intensity  est  en-deqft  de  la  limite  d' 6c la tenant .  Cette  6tude  a  permis  de  ddgager  1' influence  des  principaux 
paramdtres  (taux  de  rotation,  intensit6  du  choc)  sur  les  modifications  subies  par  la  structure  d'ensemble 
du  vortex.  Les  mesures  ont  6t6  effectudes  pour  quatre  valeurs  du  nombre  de  Mach  :  1 .6  ;  1 , 75  ;  2  et 
2,28.  L' interprdtation  d' explorations  pratiqudes  sur  des  configurations  dclatdes  a  dgalement  permis  de 
ddfinir  une  limite  d'dclatement  en  fonction  de  Z  et  de  . 

La  seconde  partie  de  l'6tude  a  port6  sur  une  analyse  plus  fine  du  phdnomdne  au  moyen  de  la  v61ocim6trie 
laser.  Les  mesures  ont  6t4  exdcutdes  sur  deux  configurations  £  mfime  valeur  du  nombre  de  Mach  :  »  2,28. 

I 'une  correspond  £  une  interaction  sans  dclatement,  I'autre  £  une  interaction  avec  dclatement. 

2.2.2  -  - 

Des  mesures  prdliminaires  ont  d'abord  servi  £  caractdriser  la  structure  de  l'dcoulement  tourbil lonnaire 
au  moment  dfcil  va  aborder  I'onde  de  choc.  Les  deux  paramdtres  variables  sont  et  1' incidence  cC  de 

l'aile.  La  figure  4  montre  les  champs  de  la  composante  de  vitesse  dans  un  plan  perpendiculaire  £  l'axe 
horizontal  Ox  et  situd  £  70  mm  en  amont  du  plan  d'entr6e  de  la  prise  d'air.  L'axe  Ox  6tent  trds  sensible¬ 
ment  paralldle  £  l'axe  du  vortex,  les  vecteurs  repr6sent6s  s ' identifient  pratiquement  avec  la  composante 
tangentielle  Vg  .  Les  cartographies  mettent  en  dvidence  une  structure  rdgulidre  pidsentant  une  asset  bonne 
symdtrie  de  rdvolution,  ce  qui  justifie  I’hypothfcse  d'un  vortex  axisymdtrique  faite  dans  les  exploitations 
ultdrieures.  Le  rayon  de  la  structure  (  est  convent ionnellement  ddfini  comme  la  distance  radiale 
£  laquelle  Vg  est  siaximale)  est  une  fonction  croissants  de  1' incidence  cC  raais  varie  asset  peu  ivec  tim  . 

Pour  fixer  les  ordres  de  grandeur,  Hi  *  20  m  pour  aC  »  20°.  La  figure  5  donne  1 '6v»lution  du  taux  de 
rotation  :  Z  *  ^ /Vz4  en  fonction  de  oC  (le  vortex  n'6tant  pas  parfaitement  de  Evolution,  Vg„  est 
ici  une  moyenne  dvalude  £  partir  de  deux  explorations  pratiqudes  selon  des  axes  et  f  passant  par  le 
centre  de  la  structure).  D'une  manidre  gdndrale,  Z  augraente  d'abord  de  faqon  quasi-lindaire  avec  oC  . 

Puis  les  courbes  s 'inf ldchissent  et  't  diminue  rapidement  :  cette  ddcroissance  correspond  trds  vraisembla- 
blement  £  un  6clatement  du  tourbillon  au  niveau  de  l'aile.  Le  taux  de  rotation  maximal  rdalisable  diminue 
avec  le  nombre  de  Mach  en  raison  de  I'effet  d'acc616ration  de  plus  en  plus  grand  dont  on  sait  qu'il  affecte 
presque  uniquement  la  composante  axiale  (voir  S  1  ci-dessus).  De  0,35  pour  ■  1,75,  Zm  passe  £ 

0,22  pour  -  2,28.  Le  comportement  de  t  qui  semble  contredire  cette  tendance,  rdsulte 

en  fait  d'un  montage  diff6rent  de  l'aile  qui  se  trouvait  dans  une  tone  £  plus  basse  vitesse. 

Examinons  maintenant  1' influence  du  choc.  La  figure  6  montre  des  cartographies  dans  des  plans  aa  situda 
de  part  et  a'autre  du  choc  pour  deux  valeurs  de  ■  1,6  et  ^  *  2)  et  dee  taux  de  rotation 

"moddrds"  (  Z  ■  0,3  et  "Z  ■  0,23  respectivement) .  Dans  ces  conditions,  la  structure  gdndrale  du  vortex 
tv  se  trouve  pas  fondamentalement  modi  fide  par  la  traversde  du  choc;  1'dcoulesMtnt  conserve  une  allure 
rdgulidre.  En  particulier  le  rayon  n’ augments  que  trds  ldgdrement  au  coura  de  l'interaction.  De  mime, 
ainsi  que  le  montre  la  figure  7,  la  composante  tangentielle  demeure  pratiquement  invariants,  du 

moins  tant  que  le  vortex  n' delate  pas.  On  assists  alors  £  un  "effondrement"  des  vitesses  de  rotation  co— ie 
cela  sara  prdcisd  par  les  mesures  au  vdlocimdtre  laser  (voir  aussi  la  rdf.  [4]  pour  l'dtude  de  l'dclate- 
ment  en  incompressible).  La  quasi- invariance  du  profit  des  vitesaas  tangentielles  en  I'absence  d'dclatement 
est  un  co^orteawnt  prdvisible  puisque  Vg  est  contenue  dans  le  plan  du  choc . 
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Les  alterations  les  plus  sensible#  affectent  la  compos ante  axiale  Vt  qui  eat  perpendicular re  au  choc. 

Sur  la  figure  8  sont  portdes  lea  dvolutions  en  fonction  de  Z  et  pour  lea  quatre  nombrea  de  Mach  Studies 

dea  grandeurs  suivantea  : 

a)  compoaante  axiale  ft  la  pdriphdrie  du  vortex  :  Vz^ 

b)  compoaante  axiale  our  1 ‘axe  du  vortex  :  l 

Ce8  rdsultata  aont  relatifa  &  une  section  situde  ft  environ  6o  na  en  aval  du  choc  (  x  ■  55  m) . 

On  conatate  que  aubit  une  discontinued  dgale  au  aaut  de  viteaae  thdorique  ft  travers  un  choc  normal 

dans  la  trfta  grande  majoritd  dea  cas.  Les  valeura  plus  dlevdea  de  obaervdea  ft  Mm  »  2  et  Mm  •  2,28 
pour  £ >  0,2  sont  une  consequence  de  l'dclatement  du  vortex  qui  ae  produit  alora.  En  effet,  l'eclatement 
se  traduit  par  une  forte  dilatation  du  noyau  dissipatif  (voir  S  2.2.3  ci-deaaoua)  d'ou  un  effet  d'obatruction 
(ou  de  ddplacement)  qui  entratne  une  acceleration  de  I'ecoulement  «  xteme  potentiel  confine  dana  la  prise 
d'air. 

En  amont  du  choc,  la  compoaante  sur  l'axe  eat  generalenent  un  peu  supdrieure  ft  Vxx  .  Cette  Idgftre 

aurvitesae  crott  avec  le  taux  de  rotation,  ce  qui  eat  une  consequence  de  la  depression  plus  grande  qui  ae 
cr6e  au  centre  du  vortex  quand  les  vitesses  tangentiellea  augmentent.  L'amplitude  de  la  diacontinuite  subie 
par  Vz0  eat  d'autant  plus  grande  que  t  eat  plue  dlevd,  la  rone  centrale  du  tourbillon  dtant  soumise,  au 
travers  du  choc  ft  un  ralentissement  plus  important  que  la  pdriphdrie.  Ce  phdnomftne  eat  dgalement  observe 
quand  le  vortex  eat  soumis  ft  une  compression  dtalde.  II  s'explique  alors  trds  simplement  en  considdrant 
{'equation  pour  l'dquilibre  radial  18]. 

La  quasi-invariance  de  V$  jointe  ft  la  ddcroissance  notable  de  Vx  entratne  une  forte  augmentation  du  taux 
de  rotation  (voir  fig.  9).  La  traversde  du  choc  a  done  comne  consequence  importante  d'accrottre  la  "fragi- 
lit6"  du  vortex  vis-ft-via  d'un  event uel  edatement.  C'est  en  effet  un  rdsultat  bien  connu  que  la  atabilitd 
d'un  enroulement  tourbi llonnaire  diminue  quand  1‘intenaitd  relative  du  mouvement  de  rotation  augraente  (pour 
une  revue  dea  nombreux  travaux  consacrdB  au  probldme  de  1 'dclatement  dea  tourbillona,  voir  ia  reference 
1 9 1  o0  l 'on  trouvera  une  importante  bibliographic  sur  cette  question).  L‘ dclatement  ae  produit  le  plus  souvent 
quand  1 'angle  d'hdlice  y  =  /Ire (Vz/Vt)  atteint  localement  une  valeur  voiaine  de  50®  ( alora  V§  s  1 , 2  Vx  ). 

La  traverade  du  choc  augmente  partout  1 'angle  d'hdlice  et  plus  part iculidrement  dana  la  rone  centrale  du 
vortex  ou  ae  produit  le  plus  fort  ralentissement  de  la  compoaante  axiale.  On  conqoit  done  qu'un  dtat  puiase 
dtre  atteint,  ft  une  certaine  intensitd  du  choc,  ou  localement  /  est  proche  de  la  valeur  critique  de  50®, 
d'ou  un  brusque  dclatement  de  la  structure. 

Ainai  qu'il  a  ddjft  dtd  aoulignd,  la  sonde  de  prossion  eat  inaddquaie  pour  explorer  un  tourbillon  dclatd  ofc 
l* orientation  du  vecteur  vi tease  varie  considdrablement .  On  peut  ndanmoina  utiliaer  ce  moyen  pour  faire  la 
ddmarcation  entre  des  configurations  dclatdes  et  dea  configurations  non  dclatdea.  Ainai,  la  figure  10  montre 
deux  cartographies,  en  amont  et  en  aval  du  choc,  pour  Mm  »  2  et  Z  •  0,27.  Lea  croix  portdea  aur  le  tracd 
aval  signifient  qu'en  cea  points  les  indications  de  la  sonde  n'dtaient  pas  exploitables  :  ce  qui  correspond 
ft  une  situation  ou  le  module  de  Vx  eat  trfta  petit,  Vx  ayant  mdme  dventuellement  changd  de  signe.  Une  telle 
cartographie  peut  dtre  associde  ft  un  dtat  dclatd  avec  une  bonne  certitude.  L* interprdtation  de  cartes 
analogues  dtablies  ayatdmatiquement  en  faiaant  varier  progress ivement  1' incidence  de  l'aile  a  permia  de 
ddfinir,  pour  chaque  valeur  de  /fm  ,  un  taux  de  rotation  limite  au-delft  duquel  le  tourbillon  est  dclatd.il 
eat  ainai  possible  de  tracer  dana  le  plan  (  ,  Z  )  une  courbe  frontifere  adparant  les  interactions  sang 

dclatement  dea  interactions  avec  dclatement.  Cette  courbe  est  donnde  figure  11  :  elle  reprdaente  une  limite 
pour  le  caa  ou  le  profil  axial  eat  quasi-uniforme .  Si  la  distribution  axiale  comporte  un  ddficit  (profil 
du  type  "sillage")  on  doit  s'attendre  ft  une  plus  grande  fragilitd  du  vortex  ;  et  la  courbe  frontidre  sera 
ddcalde  vers  le  baa.  Le  contraire  sera  dvidemment  vrai  si  la  distribution  prdaente  un  exeds  de  viteaae 
(profil  du  type  "jet"). 

L' allure  gdndrale  de  la  courbe  de  la  figure  11  continue  le  fait  intuitif  que  le  aaut  de  preaaion  ndeesaaire 
pour  faire  dclater  le  vortex  doit  dtre  d'autant  plus  dlevd  que  le  taux  de  rotation  est  plus  faible. 

La  limite  d'dclatement  ft  *  2,28  a  dgalement  dtd  ddterminde  au  vdlocimdtre  laser  qui  eat  un  moyen  d'ana- 
lyae  beaucoup  plus  fiable.  Le  point  obtenu  (voir  fig.  11)  continue  parfaitement  le  rdsultat  donnd  par  la 
sonde  de  preaaion. 

2.2.3  -  _ fenu _au _v&lqcLm$t\e.  taAe/i  - 

Cette  dtude  plus  approfondie  de  la  structure  de  I'dcoulement  tourbi llonnaire  a  dtd  effectude  pour  une  aeule 
valeur  de  l|intensitd  de  l'onde  de  choc  correspondent  ft  *  2,28.  Deux  configurations  ont  dtd  retenues  : 
pour  la  premiere,  1 ' interaction  s’effectue  sans  dclatement,  pour  la  seconds  le  choc  fait  dclater  le  vortex. 

Lea  dcoulements  ont  dtd  explorda  ft  diffdrentes  abscisses  X  aitudea  pour  la  plupart  en  aval  du  choc.  La 
proeddure  expdrimentale  dtait  la  suivante  :  d'abord  repdrage  du  centre  du  vortex,  puis  exdcution  de  deux 
explorations  aelon  dea  lignes  en  "croix"  paaeant  par  (j  ,  l’une  selon  la  direction  horizontale  *  ,  1' autre 
selon  la  direction  verticale  y  .  Le  vdlocimdtre  laser  mesurait  lea  compoaantea  de  viteaae  contenuea  dans 
le  plan  vertical,  e'eat-ft-dire  Vx  e t  ^  .  II  est  ft  noter  que  dans  l'hypothdse  oD  le  vortex  est  axisymdtri- 

que  (ce  qui  eat  asses  bien  vdrifid  exp^rimentalement) ,  1 'exploration  selon  l'axe  transversal  y  donne 
directement  lea  compoaantea  ditea  axiale  Vz  et  tangent ielle  Vj  ' 

Par  la  suite,  nous  ne  parlerona  done  que  de  ^  (t  ^ 

L^a  distributions  des  vitesses  moyennes  Vz  e tty  en  amont  du  choc  aont  reprdsentdes  figure  12. Dana  le  caa 
prdaent,  lea  deux  profils  axiaux,  en  fait  pratiquement  identiquea,  prdaentent  un  ldger  ddficit  de  viteaae 
aur  1‘axe  (environ  4  X) .  Dan#  lea  eaaais  prdeddenta  (voir  S  2.2.2  ci-dessus),  Vzc  dtait  un  peu  supdrieure 
ft  Vje  .  La  diffdrence  provient  vraiaemb  lab  lament  de  l'e^loi  d'silea  de  formes  diffdrentes.  Les  profils 
tangentiels  ont  une  allure  classique,  caractdriatique  d'un  tourbillon  "visqueux",  avec  un  noyau  central 
oft  la  rotation  eat  du  type  corps  solide  (loi  de  vitesse  en  Vf  •  ftr  )  et  une  dvolution  externe  qui  tend 
vers  le  tourbillon  potentiel  (  en  V#  =  it/r  ).  Pour  le  vortex  le  mo  ins  intense  (incidence  de 
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l'aile  d  -  10“),  le  taux  de  rotation  vaut  0,11  ;  ft  l'incidence  oC  •  22,5°  correspond  la  valeur  Zm  0,17. 

Le  second  cas ,  comae  nous  le  verrons ,  donne  bien  lieu  ft  une  interaction  avec  Eclatement,  ce  qui  est  con forme 
au  rdsultat  de  la  figure  11  selon  lequel  4/^-  2,28  le  £  lisnite  vaut  0,15. 

Les  figures  13  ( *  10°)  et  14  (  oC  *  22,5°)  montrent  certaines  des  distributions  ^  et  ^  taesurdes  en 
aval  de  l'onde  de  choc  qui  se  positionne  ft  environ  5  ram  en  amont  du  plan  d'entrEe  de  la  prise  d'air.  On 
notera  immEdiatement  les  differences  les  plus  matquantes  entre  les  deux  champs  de  vitesse  : 

a)  pour  oC  •  10®  »  les  profils  aval  sont  asses  peu  modifiEs  quant  ft  leur  forme.  Seule  la  composante  axiale 
a  EtE  fortement  ralentie  par  le  choc. 

b)  Pour  aC  »  22,5°,  apparatt  une  rEgion  oft  Vk**t  negative  dEnotant  l1  existence  d'un  ’Vf.fce"  qui  est 
1' indice  le  plus  caractEristique  de  1 'Eclatement.  Egalement,  les  profils  tangentiels  aont  sensiblement 
affectds  ;  le  mouvement  de  rotation  est  asaez  fortement  ralenti  et,  en  consequence,  le  vortex  s’ est 
dilate. 

Ces  comportements  sont  prEcisEs  par  les  figures  15  et  16  ou  sont  tracees  les  evolutions  de  certaines  gran-' 
deurs  caractE  rist  iques  :  vitesses  axiales  ft  la  peripherie  (  )  et  au  centre  (  Vzc  ),  vitesse  tangen- 

tielle  maximale  <  K*  )  et  rayon  du  noyau  "visqueux"  (  r^  ), 

Les  rEaultats  obtenus  ici  confirment  ceux  de  la  premiere  partie  de  1 'Etude,  ft  savoir  : 

a)  pour  les  interactions  avec  ou  sans  edatement,  la  composante  Vte  subit  une  discontinuicE  en  accord  avec 

un  choc  droit  ft  ■  2,28.  La  vitesse  Vz0  est  plus  fortement  ralentie  ;  elle  devient  mftme  negative  pour 

le  vortex  delate. 

b)  si  le  tourbillon  n'Eclate  pas,  la  composante  tangentielle  d emeu re  pratiquement  invariante  ft  la  traversEe 
du  choc  ;  de  mEme  que  le  rayon  qui  ne  se  dilate  que  trfta  lEgEreroent. 

c)  quand  1 ' Eclatement  se  produit,  en  revanche,  diminue  notablement,  /^im  passant  de  0,17  ft  0,12. 

CorrElativement,  crott  de  25  mm  ft  prfes  de  50  mo. 

La  figure  17  donne  les  Evolutions  de  ^  et  V$M  rapportdes  ft  la  composante  locale  pEriphErique  VXt  .  Ces 
tracEs  mettent  bien  en  Evidence  1* accentuation  trfts  importante  du  "trou"  de  vitesse  *ur  l'axe  ainsi  que  Is 
croissance  du  taux  de  rotation.  Les  effets  cumulatifs  de  ces  deux  tendances  auront  pour  consEquence  de 
"fragiliser"  le  vortex,  ft  moins  que  le  choc  soit  suf f isamsent  intense  pour  le  faire  Eclater  immEdiatement . 

Les  distributions  de  pression  atatique  et  de  pres8ion  gEnEratrice  sont  tracEes  figures  18  et  19.  Elies 
ont  EtE  calculEes  ft  partir  de  1' Equation  pour  l'Equilibre  radial  Ecrite  soua  la  forme  (approximation  d'un 
Ecoulement  quasi-cylindrique)  : 

(O 

dr  r 

et  en  supposant  l'enthalpie  gEnEratrice  partout  conatante. 

L'Ecoulement  tourbillonnaire  se  caractErise  par  I'existence  d'un  dEficit  de  pression  gEnEratrice  qui  est 
d'autant  plus  prononcE  que  les  vitesses  de  rotation  sont  (relativement)  plus  ElevEes.  En  aval  du  choc, 
ce  dEficit  tend  ft  s'amoindrir. 

Les  distributions  rsdiales  de  pression  statique  penaettent  de  fournir  une  explication  du  ralentissement  de 
plus  en  plus  fort  que  subit  la  composante  axiale  quand  on  se  rapproche  de  l'axe.  Nous  considErons  le 
cas  non  EclatE.  En  amont  du  choc,  compte  tenu  des  vitesses  V*  et  Vf  mesurEes  ft  la  pEriphErie  du  vortex,  oft 
I'Ecoulement  est  isentropique,  la  pression  statique  fa  est  ici  telle  que  m  0,0695.  D'oft,  d'aprfts 

1 'Equation  pour  l'Equilibre  radial,  la  valeur  sur  l'axe  C\)t  *  0,0584  fam  .  Sur  l'axe  de  la  structure, 
le  choc  doit  Etre  normal,  le  nombre  de  Mach  sur  sa  face  amont  y  est  Egal  ft  2,24  ;  d’oft  une  pression  (fa)i 
iamEdiatement  en  aval  telle  que  :  (K)i  “  0,332  fam  .  Par  ailleurs,  les  Equations  du  choc  normal  appliquEes 

ft  la  pEriphErie  avec  \  “  2,28  et  la  condition  d'Equilibre  radial  Ecrite  pour  la  premiftre  section  de 
mesure  situEe  en  aval  du  choc  donnent  sur  l’axe  la  valeur  suivante  :  fa  *  0,382  ^. 

11  y  a  done  incompatibilitE  entre  la  pression  juste  derriftre  le  choc  et  Is  pression  ioposEe  par  la 
pEriphErie,  via  l’Equilibre  radial.  11  doit  done  probablement  exister  une  cone  d'Etendue  trfts  rEduitc  oft, 
dans  la  rEgion  centrale,  I'Ecoulement  axial  se  ralentit  afin  que  la  pression,  initialement  trop  faible, 
s'ajuste  avec  celle  imposEe  par  l'Equilibre  radial  en  aval  de  1' interaction.  Ce  mEcanisme  demanderait  bien 
sQr  ft  fitre  confitmE  par  des  mesures  plus  fines  dans  le  voisinsge  insEdiat  de  l'onde  de  choc. 

La  structure  gEnErale  de  I'Ecoulement  peut  it re  "visual isEe"  en  dessinant  les  pseudo- lignes  de  courant 
associEes  ft  I'Ecoulement  mEridien  aoyen.  II  est  ft  remarquer  que  de  telles  lignes  sont  en  fait  fictives 
puisqu'elles  sont  associEes  ft  un  Ecoulement  ooyen  au  sens  de  la  turbulence  statistique  (dEcomposition 
de  Reynolds).  Dans  la  rEalitE,  I'Ecoulement  peut  itre  fortement  fluctuant  et  sa  structure  instantanEe 
beaucoup  plus  complexe  que  celle  mise  en  Evidence  ici  (voir  en  particulier  les  rEfErences  [10-11]).  De 
telles  lignes  sont  dEfinies  comae  des  iso-dEbit  <fm  avec  : 


La  masse  apEcifique  f>  e  EtE  celculEe  par  1 'Equation  d'Etat  oft  la  pression  ft  Etait  EvaluEe  comae  indiquE 
plus  haut  (Eq.  1)  et  la  tempErature  T  en  supposant  la  tempErature  gEnEratrice  partout  constante. 

Lea  figure#  20  et  21  reprEsentent  ces  "lignes  de  coursnt"  pour  les  deux  configurations  snalysEe*  (la 
position  du  choc  n'est  qu' indicative,  se  forme  exact#  n'ayant  pea  EtE  dEterminEe).  Lorsque  le  tourbillon 
n'Eclite  pas,  les  iso-dEbit  demeursnt  quasiment  cylindriques  :  on  observe  seulement  une  lEgfcre  dilatation 
prfts  de  l'axe  et  une  lEgftre  contraction  des  tones  pEriphEriquea .  Quand  le  vortex  est  EclatE,  let  "lignes 
de  coursnt"  sont  nettement  plus  dEfoimEes.  Une  forte  dilatation  se  produit  dans  la  rEgion  centrala  avec 
formation  d'un  "bulb#  da  racirculation"  oft  le  dEbit  <Jn  prend  des  veleurs  nEgatives. 


Les  aspects  turbulents  du  phdnomdne  n'ont  dtd  que  peu  dtudids,  la  taille  relativement  rdduite  des  dchan- 
tillons  (500  particules)  entratnant  une  trop  grande  incertitude  statistique,  surtout  sur  les  correlations 
croisdes.  Ndanmoins,  les  presents  easais  permettent  d'obtenir  des  renaeigneaents  significatifs  sur 
1' evolution  des  taux  de  fluctuation  de  chacune  des  composantes  Vz  e tty 

La  figure  22  donne  les  profils  des  valeurs  efficaces  0^  et  (fy  des  fluctuations  de  et  ^  .  Dans  le 

ca8  non  delate,  lea  distributions  de  0^  et  &Yg  sont  pratiquement  confondues  et  prdsentent  un  maximum 
de  faible  amplitude  situd  sur  l'axe.  Lorsque  le  tourbillon  est  delate  les  niveaux  de  fluctuation 
augmentent  fortement.  Alors  est  maximal  en  dehors  de  l'axe,  en  un  point  qui  coincide  sensiblement 

avec  le  point  d' inflexion  des  profils  de  74  .  Le  maximum  de  Oy9  reste  aur  l'axe  de  la  structure.  La 

figure  23  montre  les  evolutions  en  fonction  de  la  distance  axiale  de  certains  niveaux  caractdristiques  : 

a)  fluctuation  (c /{J9  maxima  le  ; 

b)  fluctuation  (Olz)0  /(J,  sur  l'axe  ; 

c)  fluctuation  ((fy  Ja  J(j0  sur  l'axe,  qui  est  dgalement  le  niveau  maximal. 

En  amont  du  choc,  les  taux  de  fluctuation  sont  compris  entre  0,03  et  0,04.  Ces  niveaux  relativement  dlevds 
pour  ce  genre  d'dcoulement ,  traduisent  en  fait  une  fluctuation  d* ensemble  de  la  structure  tourbillonnaire. 

En  l'absence  d'dclatement,  les  diffdrents  taux,  n'augmentent  que  moddrdment  A  la  traversde  du  choc,  (le 
maximum  maximorun  est  voisin  de  0,05).  En  revanche,  quand  le  vortex  delate  les  taux  de  fluctuation 
(normalisds  par  U+  )ddpassent  largement  0,10.  Ainsi  (<7yt  )„  /  Um  atteint  0,15,  ce  qui  correspond 

A  une  intensitd  (Ovz)n  /  Vz*  “  0,43  si  on  normalise  par  la  vitesse  pdriphdrique  locale. 

La  figure  24  montre  des  histogrammes  A  deux  dimensions  des  valeurs  inatantandes  de  ^  et  ^  .  I Is  ont 
dtd  construits  pour  une  station  situde  4  2  ■  17  ran,  c'est-A-dire  A  environ  22  on  en  aval  du  choc  et  sont 
relatifs  A  la  configuration  dclatde.  Les  trois  histogrammes  reprdaentds  sont  associds  A  des  points  situds 
respect ivement  prds  de  l'axe,  1A  oh  la  vitesse  Vz  est  ndgative,  A  l'ordonnde  r~n  ,  oh  la  vitesse  tangentielle 
est  maximale,  et  prds  de  la  pdriphdrie  du  vortex. 

3  -  uovELisATm  ve  ummcrm  - 

L' interaction  choc-vortex  est  ici  moddlisde  par  un  dcoulement  stationnaire  de  fluide  parfait  (c'est-A-dire 
non  visqueux)  rdgi  par  les  dquations  d' Euler.  Une  telle  approche  est  trds  certainement  just i fide  tant  'jue 
le  tourbillon  n'dclate  pas.  Le  phdnomdne  s'apparexice  alors  A  un  processus  d'^’interaction  rapide"  dont 
l'dchelle  longitudinale  (selon  l'axe  Z  )  est  du  mdme  ordre  ou  plus  petite  qu'une  dchelle  tranaversale 
caractdristique  (par  exemple,  le  rayon  rM  du  noyau  visqueux  ou  une  dpaisseur  attachde  au  profil  axial, 
si  ce  dernicT  n'est  pas  uniforme) . 

Dans  ces  conditions,  les  forces  de  viscositd  (sussi  bien  turbulentes  que  laminaires)  ont  une  action  ndgli- 
geable  comparde  A  celle  rdsultant  des  forces  de  pression  et  des  termes  d'inertie.  La  viscositd  n'intervient 
que  dans  la  mesure  oD  elle  a  erdd  du  rotationnel.  En  consdquence,  1 'dcoulement  abordant  le  choc  a  une 
entropie  variable  d'une  ligne  de  courant  A  1' autre,  ce  qui  se  manifeste  par  un  "creux"  de  pression  gdndra- 
trice  dans  la  rdgion  centrale  du  tourbillon  (l'enthalpie  d'arrdt  est  elle  pratiquement  uni  forme  si  le  nombre 
de  Mach  Mm  est  moddrd). 


Une  telle  analyse  est  classique  pour  ddcrire  1 'interaction  entre  une  couche  limite  et  une  onde  de  pression 
concentrde  (onde  de  choc  ou  ddtente  de  Prandtl-Meyer) .  I l  est  alors  ddmontrd  que  la  plus  grande  partie 
de  la  couche  limite  ae  comporte  conme  en  dcoulement  rotationnel  non  visqueux  [72].  Les  calculs  exdcutds 
selon  ce  schdma  sont  trds  bien  recoupds  par  1 'expdrience ,  surtout  en  turbulent  oh  l'dchelle  longitudinale 
est  extrdmement  rdduite  [13“74-75].  II  faut  toutefoia  noter  que,  dans  le  cas  de  la  couche  limite,  la 
viscositd  doit  foredment  intervenir  A  proximitd  de  la  paroi,  ce  qui  pose  de  ddlicats  probldmea  de  principe 
dont  la  solution  a  exigd  1' introduction  de  modules  "multi -couches"  Il2,16i.  Une  telle  difficultd  n’existe 
pas  pour  le  vortex  et  il  y  a  tout  lieu  de  penser  que  le  moddle  rotationnel  non  visqueux  est  en  mesure  de 
ddcrire  les  phdnomdnes  avec  une  excellente  prdcision  tant  qu’il  n'y  a  pas  dclatement.  Quand  le  tourbillon 
delate  une  approche  fluide  parfait  stationnaire  devient  discutable  ( coraroe  dans  le  cas  de  la  couche  limite 
ddcollde)  en  raison  du  plus  grand  rfile  joud  par  la  viscositd  surtout  sous  forme  de  corrdlations  turbulentes 
rdsultant  dea  fortes  fluctuations  qui  naissent  alors.  II  est  cependant  loisible  d'estimer  que  le  schdma 
non  visqueux  demeure  valable  jusqu'A  l1 apparition  de  1 'del atement.  Dans  cette  optique,  ce  peut  dtre  un 
moyen  "dconomique"  pour  prddire  l'apparition  de  1 'dclatement  sous  l'effet  d'un  choc,  A  1' instar  de  1' utili¬ 
sation  dea  modules  de  couche  limite  multi-couches  pour  ddfinir  le  ddcollement  naissant  [77-78]. 

L' dcoulement  tourbillonnaire  dtant  supposd  de  revolution  (  */dO  -  0)  les  dquations  i 'Euler  s'dcrivent 
sous  la  forme  suivante  : 

-  continuitd  : 

be  <>!evi) 

-  *  -  —  -  —  * 

Ot  dl 

-  quant itd  de  mouvement  : 

.  axiale  : 

4r(eW*  .  o 

.  radiale  : 

.  tangentielle  : 


Jr  r 
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Une  solution  stationnaire  du  aystEme  ci-dessus  est  recherchEe  via  une  mEthode  pseudo- ins tationnai re  oft 
l'enthalpie  d'arrSt  est  supposEe  constante  en  permanence  sur  chaque  ligne  de  courant  [19]  (dans 
1 'application  presence  elle  est  prise  constante  dans  tout  le  champ).  Une  telle  condition  n'est  satiafaite 
que  pour  une  solution  stationnaire  ;  il  s'agit  done  d'un  artifice  qui  permet  d' "Economiser"  la  rEsolution 
de  1' Equation  de  l'Energie.  En  contrepartie,  la  phase  instationnaire  du  calcul  est  dEpourvue  de  significa¬ 
tion  physique. 

La  technique  de  resolution  numErique  utilise  un  schEma  prEdicteur-correcteur  explicite.  Le  domaine  de 
calcul  est  reprEsentE  figure  25.  II  est  composE  d‘une  partie  amont  A  section  constante  BC  suivie  d'un 
Evasement  CD  jusqu'E  une  nouvelle  portion  cylindrique.  La  partie  terminale  du  domaine  est  de  forme 
convergente-divergente  de  maniEre  A  constituer  un  col  en  E. 

Les  conditions  aux  limites  du  problEme  sont  les  suivantes  : 

a)  glisseiBent  sur  la  paroi  BCDEF  ; 

b)  syroEtrie  sur  l1 axe  de  rEvolution  AG  ; 

c)  sur  la  frontiEre  amontAB,  oft  l'Ecoulement  est  supersonique,  il  faut  imposer  les  distributions  de 

vitesse  Vz  (r)  et  V$(r)  (  Vr  est  supposEe  nulle)  ainsi  que  celle  de  la  pression  Ji  (ou,  ce  qui  est 

Equivalent,  te  profil  de  pression  gEnEratrice)  ; 

d)  le  calcul  est  conduit  de  fagon  telle  que  le  col  E  est  amorcE,  l'Ecoulement  Etant  partout  supersonique 
sur  FG  :  done  aucune  condition  n'est  A  imposer  le  long  de  FG. 

La  section  d*:  col  E  est  dEfinie  (par  tStonnement)  de  maniEre  que  le  blocage  ainsi  crEE  impose  une  onde  de 
choc  situEe  dans  la  zone  Evolutive  CD  oft  elle  peut  occuper  une  position  stable  en  raison  de  la  divergence. 

La  modElisation  par  un  dispositif  E  second  col  (qui  reflEte  d'ailleurs,  en  la  schEmatisant ,  la  rEalitE 
expErimentale)  permet  d' avoir  un  problEme  mathEmatiquement  bien  posE  oft  les  frontiEres  amont  et  aval  du 
domaine  de  calcul  sont  toutes  deux  supersoniques . 

Pour  les  cas  de  calcul  prEsentEs  ici  les  conditions  imposEes  sur  AB  sont  les  suivantes  ; 

a)  le  profil  axial  Vz(r)e st  uniforme,  ce  qui  correspond  sensib lenient  E  la  situation  des  expEriences  dEcrites 
au  paragraphe  prEcEdent. 

b)  Le  profil  tangentiel  V§(t)  est  donnE  yar  la  formule  : 

(Z)  $(,).  JL  [  1-*P(.XL)] 

Le  coefficient  K  fixe  le  taux  de  rotation  du  vortex  et  ^  (mEme  dEfinition  que  plus  haut)  sa  "concentra¬ 
tion".  Le  rayon  rM  est  choisi  de  fagon  E  ajuflter  au  mieux  le  profil  (2)  avec  les  distributions  expErimen- 
tales . 

c)  La  pression  statique  est  dEterminEe  d'aprEs  (2)  en  intEgrant  1 'Equation  pour  l'Equilibre  radial. 

La  figure  25  prEsente  un  exemple  de  maillage  utilisE.  Des  resserrements  denses  sont  prEvus  prEs  de  l'axe 
ainsi  que  dans  la  rEgion  du  choc. 

A  titre  d' illustration,  lea  figures  26  et  27  donnent  des  rEsultats  de  calcul  sous  forme  de  lignes  iso- 
vitesse  axiale.  Ils  sont  relatifs  E  des  taux  de  rotation  de  0,22  et  o.tfpour  et  dp  o,fos  et  o,2(f  pour 

Aux  valeurs  de  Z  lea  plus  ElevEes,  les  tracEs  rEvElent  I'existence  d'une  "zone  de  recirculation"  oft  Vz 
est  E  centre  courant  de  l'Ecoulement  principal.  La  formation  d'un  "dEcollement"  au  sein  d'un  Ecoulement 
de  fluide  parfait  s'explique  par  la  pzesence  d'une  zone  centrale  oft  l'entropie  est  plus  ElevEe  (la  "bosse" 
d'entropie  Etant  d'autant  plus  haute  que  le  taux  de  rotation  eat  plus  grand)  :  IE,  il  peut  arriver  que 
lea  particules  fluides  aient  une  pression  gEnEratrice  insuffisante  pour  aurmonter  le  saut  de  pression 
imposE  par  le  choc. Elies  sont  alors  refoulEes  vers  1 'amont  et  piEgEea  dans  un  "bulbe"  de  recirculation. 

Un  balayage  systEmatique  en  valeura  de  Mm  et  Z  a  ainsi  permis  de  dEterminer  une  limite  thEorique 
d' apparition  de  1' Eclat  event .  Celle-ci  eat  dEfinie  cotnme  la  situation  (  ,  Z  )  oft,  pour  la  premiEre 

fois ,  exiate  un  point  oft  Vz  est  ralentie  juaqu'A  la  valeur  tEro.  La  courbe  obtenue  de  cette  f  agon  est 
tracEe  figure  28.  On  constate  qu'elle  est  en  bon  accord  avec  I'expErience . 

La  rEsolution  des  Equations  d'Euler,  beaucoup  plus  Economique  que  ceTle  des  Equations  de  Navier-Stokea 
complEtee,  apparatt  done  comme  un  moyen  adEquat  pour  prEdire  la  limite  d'Eclatement.  Cet  "outil" 
thEorique  peut  ainai  fitre  eraployE  pour  procEder  E  un  exsmen  de  1* influence  de  la  forme  des  distributions 
de  vitesses  axiile  et  tangent ielle. 

4  -  CONCLUSION  - 

L* interaction  entre  une  structure  tourbillonnaire  enroulEe  (ou  vortex)  et  une  onde  de  choc  nonsale  E 
1'exe  longitudinele  de  cette  atructure  a  EtE  EtudiEe  E  la  foia  avr  le  plan  expErimentel  et  eur  le  plan 
thEorique . 

Une  premiEre  eErie  de  mesuree  E  le  eonde  de  pression  anEmoclinomEtrique  exEcutEe  pour  quatre  valeura  du 
nombre  de  Mach  :  Mm  ■  1,60  -  1,75  -  2  et  2,28,  e  permis  : 

e)  de  qualifier  l'Ecoulement  au  moment  oft  il  va  aborder  l'onde  de  choc  ; 

b)  de  prEcieer,  en  1' absence  d'Ecletement ,  lea  :jodifications  de  atructure  que  le  vortex  subit  E  la 
travereEe  du  choc.  L' influence  du  taux  de  rotation  est  mise  en  Evidence. 

c)  de  dEfinir  une  limite  d’Ecletement  en  fonction  des  deux  paremEtres  :  intenaitE  du  choc  -  taux  de 
rotation.  Le  rEsultat  obtenu  montre  un  accroiaeement  de  le  "fragilitE"  du  vortex  quand  saa  viteaeea  de 
rotation  eugmentent. 
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L'4tude  a  4t4  compl4t4e  par  une  analyse  du  champ  (mesure  des  grandeurs  moyennea  et  fluctuantea)  au 
vdlocimfetre  laaer.  Deux  configurations  (&  -  2,28)  ont  4t4  expiordea  en  detail  :  I'une  eat  une 

interaction  sana  dclatement,  1' autre  correspond  A  une  situation  o£k  le  choc  fait  dclater  le  vortex 
Dana  ce  dernier  caa ,  les  mesures  mettent  en  Evidence  une  structure  moyenne  dont  I'dcouleroent  mAridien 
inclut  un  "bulbe  de  recirculation"  fermA  situA  sur  l'axe  du  vortex.  L'Aclatement  a ' accompagne  d'un  trAs 
fort  accrois8ement  des  fluctuations  de  vitesse. 

Une  modAlisation  de  1*  interaction  a  4t4  dAveloppAe  h  partir  des  Equations  d'Euler  stationnaires  ( le  phA- 
notn&ne  est  asaimilA  A  un  processus  d1  interaction  rapide  ou  les  effete  visqueux  jouent  un  r81e  nAgligeable) . 
En  1' absence  d'Aclatement ,  le  calcul  donne  une  description  fiddle  de  I'Acoulement.  La  th6orie  permet  auasi 
de  prAdire  une  limite  d'Aclatement  qui,  pour  les  caa  traitAs,  eat  en  bon  accord  avec  I'expArience. 


5  -  NOT  AT  IONS  UTILISEES  - 


Symbols 

M  : 

f’  : 
K  : 

4n  : 
r  : 
T  : 

n  = 

U  : 
Vr  : 
Vz  : 
^  : 

°*jr- 


a  : 

y  : 
6  : 

e  : 

<*i  : 

^  : 
Z  : 

<J  : 

n  : 


Indian 


t  : 
0  : 
M  : 


nombre  de  Mach 
pression  atatique 
pres 8 ion  gAnA  rat  rice 
dAbit  massique 

distance  A  l'axe  de  la  structure  tourbillonnaire 
temperature  atatique  absolue 
temperature  gAnA  rat  rice  absolue 

vitesse  longitudinale  extArieure  au  vortex,  en  amont  de  l'onde  de  choc 
compo8ante  de  vitesse  radiale 
composante  de  vitesse  longitudinale 
compoaante  de  vitesse  tangentielle 

triddre  "mesure",  0  eat  au  centre  de  la  section  d'entrAe  de  la  prise  d'air,  Ox  est  l'axe 
horizontal  longitudinal,  Oy  est  l'axe  horizontal  transverse,  Oz  est  vertical. 

axe  longitudinal  du  vortex,  supposA  de  revolution  .  D  est  dans  le  plan  d'entrAe  de  la  prise 
d'air. 

incidence  de  l'aile  gAnArant  le  vortex 
angle  d'hAlice  fa  Arcfj  (fy/Vz) 
coordonnAe  angulaire 

masse  spAcifique 

valeur  efficace  de  la  fluctuation  de  Vz. 
valeur  efficace  de  la  fluctuation  de  Vg 
taux  de  rotation  (  z .  %/*J 
centre  local  du  vortex 

origine  de  l'axe  longitudinal  du  vortex. 


caractArise  lea  conditions  A  la  pAriphArie  du  vortex 
caractArise  lea  conditions  au  centre  du  vortex 

caractArise  les  conditions  au  point  de  vitesse  tangentielle  maxitnale 
caractArise  les  conditions  A  I'extArieur  du  vortex  en  amont  du  choc. 


6  -  REFERENCES  - 

[1]  PEAKE,  J. D  at  TOBAK,  M.  - 

"Three  dimensional  interactions  and  vortical  flows  with  emphasis  on  high  speeds" 

ACARDograph  No  252  (1980). 

[21  CRAVEN,  A.H.  et  ALEXANDER,  A.J.  - 

"An  investigation  of  vortex  breakdown  at  Mach  2"  The  College  of  Aeronautics,  Department  of  Aerodynamics; 
CoA  Note  Aero  158  (1963). 


5-9 


[3]  ZATOLOKA,  V.V.,  IVANYUSHK IN,  A.K.  et  NIKOLAYEV,  A.V.  - 

"Interference  of  vortexes  with  shocks  in  airscot  Dissipation  of  Vortexes  "Fluid  Mechanics,  Soviet 
Research,  Vol.7,  No. 4,  pp. 153-158  (1978)  En  anglais. 

[4]  SOLIGNAC,  J.L.  et  LEUCHTER,  0.  - 

"Etudes  expdrimen  tales  d’Acoulements  tourbi llonnaires  soumis  4  des  effets  de  gradient  de  pression 
adverse" 

AGARD  Symposium  on  "Aerodynamics  of  vortical  type  flows  in  three  dimensions",  Rotterdam,  Netherlands, 
25-28  April  1983. 

[5]  GAILLARD,  R.  et  HOORELBEKE,  J.- 

"Utilisation  de  sondes  de  pression  andmoclinomdtriques  miniaturisdes  fonctionnant  dans  le  domaine 
0,2  M  2,6  et  dans  une  large  plage  d' incidence  (  40°)" 

ONERA  -  RT  n°  67/1865  AN  (4  paraltre). 

16]  GAILLARD,  R  - 

"Etat  actuel  des  ayst&mea  d' acquisition  spdcifiques  de  la  soufflerie  S5Ch" 

ONERA  -  RT  n°  66/1865  AN  (Juillet  1982). 

[7]  BOUTIER,  A  - 

"Two  dimensional  laser  velocimeter  20  H61" 

ONERA  data  sheet  1981-4  (1981). 

[8]  HALL,  M.G.  - 

"Vortex  breakdown"  Annual  Review  of  Fluid  Mechanics,  vol.4  pp.  195-  218  (1972). 

[9]  WEDEJCYER.E  - 

"Vortex  breakdown"  in’High  Angle  of  Attack  Aerodynamics", 

AGARD-VKI  Lecture  Series  121  (1982). 

[10j  SARPKAYA,  T. 

"On  stationary  and  travelling  vortex  breakdowns" 

J. Fluid  Mech.  vol •  45,  pp. 545-559  (1971). 

[11]  WE  RLE,  H.  - 

"Sur  l'drlatement  des  tourbi lions" 

ONERA  -  NT  175  (1971). 

[12]  LIGHTHILL,  M.J.  - 

"On  boundary  layers  and  upstream  influence.  II  Supersonic  flows  without  separation" 

Proc.  Roy.  Soc.  ,  A  217,  pp. 478-507  (1953). 

[13]  CARRIERE,  P.  et  SIRIEIX,  M.  - 

"Facteurs  d'influence  du  recollement  d'un  dcoulement  supersonique  ". 
lOi  Congrds  International  de  Mdcanique  Appliqude,  Stress,  Italie  (1960). 

[14]  DELERY,  J.  et  MASURE,  B  - 

"Action  d’une  variation  brusque  de  pression  sur  tine  couche  limite  turbulente  et  application  aux  prises 
d'air  hypersoniques". 

La  Recherche  Aerospatiale,  No  129,  pp.  3-12  (1969). 

[15]  ROSE,  W.C,  MURPHY,  J.C  et  WATSON,  E.C  - 

"Interaction  of  an  oblique  shock-wave  with  a  turbulent  boioidary-layer"  . 

AIAA  Journal,  vol. 6,  No  9,  pp.1792  -  1793  (1968). 

[16]  STEWARTSON,  K  et  WILLIAMS,  P.G.  - 

"Self  induced  separation"  Proc.  Roy.  Soc.,  A  312,  pp. 181-206  (1969). 

[17]  INGER,  C.R. 

"Transonic  shock/  turbulent  boundary-layer  interaction  and  incipient  separation  on  curved  surfaces" 

AIAA  Paper  81-1244  (1981). 

[18]  BOHNINC,  R.  et  ZIEREP,  J.  - 

"Bonsai  shock/ turbulent  boundary- layer  interaction  at  a  curved  wall”. 

AGARD  CP  -  291  (1981) 

[19]  VI VI AND,  H.  et  VEU1LL0T,  J.P.  - 

"Mdthodes  pseudo-instationnaires  pour  le  calcul  d'dcoulenents  transsoniques" 

ONERA  -  Publication  No  1978-4  (1978). 

REJCRCIEMEWTS 

Las  auteurs  tiennent  1  remercier  l'dquipe  de  ia  soufflerie  SS  qui,  sous  la  responsabilitd  de  M.J. HOORELBEKE, 
a  as  surd  la  conduits  des  essais  ainsi  qua  MM.  C.d'HUMIERES  et  D. SOULE VANT  qui  avaient  la  charge  des  mesures 
au  vd loci mitre  Laser. 


* 


Vz  .  compoaante  axiale 
Ve  :  contposante  tangential  It 
X.^L  .  taui  de  rotation 

Fig.  1  SCHEMATISATION  DU  PHENOMENE  ETUDIE 


f^.Q53kfc  900  K 


Ditmliw  • 


Fit.  2  MONTAGES  EXPERIMENTAL 


Fij.  13  PROFILS  AXIAL  ET  TANGENTIEL  .  Vorln  non  klali.ta.  10*) 


Fij.  15  EFFET  OU  CHOC 

SUR  CERTAINES  GRANDEURS  CARACTERISTIOUES 
Variaa  nan  acfata  _  «  .  10* 


Fig.  16  EFFET  OU  CHOC 

SUR  CERTAINES  GRANDEURS  CARACTERISTIOUES 
Vartn  (data  .  a  .  22,5* 


Fig.  17  EFFET  DU  CHOC  SUR  LA  VITESSE  SUR  L'AXE 
ET  LE  TAUX  DE  ROTATION 


AD  P002246 

!  tft  C  fi>  Q.  W 


'ON  THE  GENERATION  AND  SUBSEQUENT  DEVELOPMENT  OF 
SPIRAL  VORTEX  FLOW  OVER  A  SWEPT-BACK  WING' 


D.I.A.  Poll 

Aerodynamics  Division,  College  of  Aeronautics, 
Cranfield  Institute  of  Technology,  Cranfield, 
Bedfordshire,  MK43  OAL,  England 


^ An  experimental  investigation  has  bee^  performed  to  study  the  formation  and 


evelopment  of  spiral  vortex  flow  over  a  sWept-back  wing.  An  aerofoil  seation  with  three 
lternative  leading  edge '  shapes,  was  te§£.e&^a4j,  sweep  angles  ranging  from  0</t.o 
nit  Reynolds  number  of  Cj,  x  ICTj/m  and  (2  x  10.7/m .  The  principal  diagnostic  tool  was  the 
urface  oil-flow  visualisation  technique  supplemented  by  pressure  distribution 
Hiaasuremenjs  in  certain  cases.  No  spiral  vortex  flow  was  observed  for  sweep  angles  of 
0>*end  15>Tfcut  at  higher  sweep  angles  the  oil-flows  indicated  that  there  were  three 
different  mechanisms  for  the  formation  of  spiral  vortices.  The  angle  of  incidence  at 
the  onset  of  vortex  flow,  and  the  mechanism  responsible  for  its  formation,  were  found  to 
depend  upon  the  sweep  angle,  the  leading  edge  shape  and  the  Reynolds  number.  It  was  also 
noted  that  the  larger  the  leading  edge  radius  the  greacer  the  dependence  upon  Reynolds 
number.  However  comparison  with  other  work  suggests  that  Reynolds  number,  incidence  and 
sweep  angle  alone  are  insufficient  to  determine  the  type  of  spiral  vortex  flow  occuring 
on  a  given  wing.  — 


normal  to  leading  edge  chord 


distance  measured  along  C 


CQ  streamwise  chord  y  distance  measured  normal  to  C 

2 

Cp  pressure  coefficient  (p-p®) a  streamwise  incidence 
p  static  pressure  v  kinematic  viscosity 

Q®  free-stream  speed  o  leading  edge  radius  in  the  x,  y  plane 

R  streamwise  Reynolds  number  Q®Cq/v  pw  free-stream  density 

1.  INTRODUCTION 


For  many  years  sweep-back  has  been  applied  to  wings  to  delay  the  onset  of 
compressibility  effects.  However  sweep-back  can  also  radically  alter  other  aerodynamic 
characteristics  of  a  wing.  In  particular  it  may  have  an  important  effect  on  the 
generation  of  lift  at  high  angles  of  incidence.  For  an  unswept  wing  the  'stall'  usually 
sets  an  upper  limit  on  the  useful  lifting  performance.  This  phenomenon  is  characterised 
by  the  separation  of  the  upper  surface  boundary  layer  at  some  point  between  the  leading 
and  trailing  edges.  The  vortex  sheet  which  issues  from  Ll.o  point  of  separation  is 
displaced  from  the  corresponding  sheet  shed  from  the  lower  turfice  at  the  trailing  edge 
by  a  distance  which  is  of  order  the  aerofoil  chord  length  «*nd  these  vortex  sheets  form 
the  upper  and  lower  boundaries  of  an  unsteady  wake.  The  application  of  sweep,  however, 
offers  this  stalled  flow  an  extra  degree  of  freedom  in  so  far  as  the  addition  of  a 
spanwise  component  of  velocity  may  lead  to  a  rolling  up  of  the  upper  surface  sheet  into 
a  single  spiral  vortex.  If  this  vortex  is  strong  and  located  close  to  the  upper  surface 
then  its  pressure  field  can  considerably  extend  the  useful  lifting  range  of  the  wing 
although  there  is,  of  course,  a  substantial  drag  penalty. 


Whilst  the  benefits  of  encouraging  spiral  vortex  flow  for  the  improvement  of  high 
incidence  performance  have  been  exploited  to  some  degree?  for  example  by  the  use  of 
strakes,  our  basic  understanding  of  the  physical  processes  is  still  generally  poor. 

This  is  despite  the  fact  that  the  conceptual  ground  rules  for  vortex  sheet  separation 
and  associated  phenomena  were  formulated  30  years  ago  by  Kiichemann1  and  Maskell2.  In 
particular  for  a  given  aerofoil  section,  sweep  angle  and  Reynolds  number  it  is  not 
possible  to  predict  with  any  degree  of  accuracy  the  angle  of  incidence  at  which  spiral 
vortex  flow  is  established. 

The  object  of  ^he  present  experiment  was  to  investigate  in  a  systematic  way,  the 
combination  of  sweep  angle,  Reynolds  number  and  incidence  necessary  for  the  onset  of 
spiral  vortex  flow  for  a  family  of  aerofoil  sections  having  different  leading  edge  radii. 
Of  special  interest  was  the  way  in  which  the  establishment  of  the  spiral  vortex  flow 
was  affected  by  Reynolds  number  since  there  is  very  little  swept  wing  data  available 
from  tests  in  which  the  chord  Reynolds  number  was  greater  than  10®.  In  addition,  the 
development  of  the  spiral  vortex  flow  and  its  influence  on  the  wing  pressure 
distribution  were  Investigated  up  to  the  highest  incidences  available  with  the  tunnel/ 
model  combination. 


2.  THE  EXPERIMENTAL  ARRANGEMENT 


The  tests  were  carried  out  on  a  wing  of  rectangular  planform  which  was  mounted  as 
a  'half  model'  in  the  College  of  Aeronautics  2.44  m  x  1.83  m  low-speed  wind-tunnel  - 
see  figure  1.  This  basic  panel  had  a  taper  ratio  of  1.0  and  a  nominal  chord  length  of 
0.762  m  measured  in  the  normal  to  leading  edge  direction.  In  all  the  configurations 
considered  the  semi-span  was  fixed  at  75%  of  the  tunnel  width  and  triangular  end  pieces 
were  added  so  that  the  wing  always  had  a  streamwlse  tip  section.  This  restriction  on 
the  semi-span  was  imposed  in  order  that  the  variation  of  local  angle  of  attack  induced 
by  the  close  proximity  of  the  solid  wind-tunnel  walls  be  kept  sufficiently  small  to 
avoid  premature  tip  stalling  -  see  reference  3.  Tests  were  conducted  at  sweep  angles 
of  0°,  15°,  30°,  45°  and  56°.  A  summary  of  the  variation  of  the  planform  characteristics 
with  sweep  angle  is  presented  in  Table  1. 

The  datum  aerofoil  section  chosen  for  this  investigation  was  RAE  101  with  a  12% 
thickness  to  chord  ratio  when  viewed  in  a  plane  drawn  perpendicular  to  the  leading 
edge.  This  is  shown  in  figure  2.  Despite  the  fact  that  the  RAE  aerofoil  sections  were 
developed  40  years  ago  this  particular  shape  was  chosen  for  two  reasons.  Firstly,  the^ 
geometry  is  expressed  in  a  convenient,  explicit  alg-braic  form  (Goldstein  and  Richards  ) 
which  greatly  simplified  the  design  of  the  model  and,  secondly,  the  location  of  the 
maximum  thickness  is  typical  of  that  found  on  modern  aft  loaded  aerofoil  sections.  In 
addition  to  the  datum  RAE  101  leading  edge  (p/C  =  0.012)  two  additional  leading  edge 
sections  were  designed.  These  were  based  upon  a  general  shape  described  by  the  function 

y  =  (a  +  bx  +  cx2  +  dx3)*5. 


for 


xQ*  x<0. 1 , 

where  a,  b,  c,  d  are  constants  and  x  is  the  value  of  x  at  which  y  =  0.  For  the  present 
purposes  three  of  the  four  constraints  necessary  to  determine  the  values  of  the  constants 
were  provided  by  equating  the  displacement,  slope  and  curvature  of  the  nose  profile  to 
those  of  the  basic  RAE  lOl  section  at  an  x  of  0.1.  The  final  constraint  was  provided  by 
specifying  the  value  of  the  leading  edge  radius.  This  is  equivalent  to  fixing  the 
value  of  x  because  the  leading  edge  radius  is  a  function  of  x  only.  Since  only  two 
alternative  profiles  were  to  be  made,  extreme  values  were  chosen  for  the  leading  edge 
radii.  In  the  first  case  o/C  was  fixed  at  0.0003.  This  small  value  was  chosen  so  that 
results  could  be  compared  directly  with  the  large  body  of  data  which  exists  for  slender 
delta  wings  with  'sharp'  leading  edges.  For  the  second  case  o/C  was  chosen  to  be  0.03. 
Leading  edges  with  this  degree  of  bluntness  are  sometimes  found  on  the  more  modern 
super-critical  class  of  aerofoil  sections.  The  three  leading  edge  profiles  are  compared 
in  figure  3. 

The  major  part  of  the  experimental  work  consisted  of  a  comprehensive  surface  oil- 
flow  visualisation  investigation.  This  was  conducted  for  the  parameter  ranges 
indicated  in  Table  2.  A  total  of  250  combinations  of  sweep,  incidence,  Reynolds  number 
and  leading  edge  radius  were  examined  and  107  of  the  patterns  were  photographed.  In  a 
subsequent  exercise  sets  of  pressure  tappings  were  drilled  at  three  spanwise  stations 
corresponding  to  root,  mid-span  and  tip.  Each  set  consisted  of  51  holes  distributed 
over  the  upper  and  lower  surfaces  of  the  wing.  Using  the  oil-flow  results  as  a  guide, 
pressure  distributions  were  recorded  for  46  configurations  which  were  believed  to 
exhibit  features  of  interest. 


3 .  RESULTS 

Sharp  leading  edge  (p/C  =  0.0003) 
a)  Zero  Sweep 

At  zero  incidence  the  flow  was  attached  right  to  the  trailing  edge  with  boundary 
layer  transition  occuring  at  approximately  50%  chord  except  at  the  root  and  tip  where 
turbulent  wedges  emanated  from  the  leading  edge.  As  incidence  was  increased  beyond 
zero  degrees  the  upper  surface  laminar  boundary  layer  separated  close  to  the  leading 
edge.  The  resulting  free  shear-layer  rapidly  underwent  a  transition  to  turbulence  which 
resulted  in  flow  re-attachment  to  form  a  bubble  structure.  However,  since  the  root  and 
tip  stations  supported  turbulent  wedges  the  lines  of  separation  and  re-attachment  met 
at  these  locations  thereby  closing  the  bubble  at  its  spanwise  extremities.  Over  the  mid¬ 
part  of  the  span  the  chordwise  distance  between  the  position  of  separation  and  the 
position  of  re-attachment  increased  rapidly  with  increasing  incidence.  This  was  due 
almost  entirely  to  aft  movements  of  the  re-attachment  line  and  this  behaviour  indicates 
that  the  bubble  structure  was  of  the  'long'  type.  The  downstream  end  of  the  bubble 
reached  the  trailing  edge  at  the  mid-span  location  at  an  incidence  of  12°.  The 
corresponding  surface  oil-flow  pattern  and  pressure  distributions  are  presented  in 
figure  4.  These  pressure  distributions  show  that  the  closer  the  re-attachment  line  was 
to  the  leading  edge  (root  and  tip  regions)  the  lower  the  minimum  pressure.  It  should 
also  be  noted  that  the  point  of  minimum  pressure  always  lay  within  the  bubble  region. 

At  incidences  beyond  12°  the  lifting  performance  deteriorated  rapidly,  the  flow  over 
the  wing  became  very  unsteady  and  the  pressure  over  the  upper  surface  became  almost 
constant,  except  in  regions  very  close  to  the  tip. 
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b)  15°  Sweep 

The  development  of  the  flow  with  incidence  as  determined  by  the  surface  oil-flow 
visualisation  was  virtually  the  same  as  the  zero  sweep  case.  Stalling  occurred  at  an 
incidence  of  approximately  12°  as  the  downstream  end  of  the  long  bubble  passed  the 
trailing  edge  at  the  mid-span  point.  There  was  no  identifiable  spiral  vortex  flow 
developed  at  this  sweep  angle. 

c)  30°  Sweep 

With  30°  of  sweep  significant  three-dimensional  effects  were  noted  in  the  oil-flow 
patterns  even  at  low  angles  of  attack.  At  an  incidence  of  3.5°  the  quasi  two- 
dimensional  long  bubble  structure  was  no  longer  observed.  Instead  the  oil-flow 
revealed  the  presence  of  the  fully  three-dimensional  vortex  sheet  structure  sketched  in 
figure  5.  In  this  case  it  appears  that  the  sheet  which  left  the  wing  surface  along  the 
primary  separation  line  at  the  leading  edge  was  rolling  up  to  form  a  strong  vortex  which 
lay  very  close  to  the  wing.  This  vortex  drew  free-stream  fluid  down  towards  the  surface 
to  attach  along  the  line  shown.  On  one  side  of  this  attachment  line  the  flow  travelled 
towards  the  trailing  edge  and  reached  it  without  separating.  However,  on  the  other 
side  the  flow  was  towards  the  leading  edge.  Initially  this  reversed  flow  experienced  a 
favourable  pressure  gradient  but  having  passed  beneath  the  vortex  core  an  adverse 
pressure  gradient  was  encountered  and  the  flow  separated  as  indicated.  The  sheet  of 
vorticity  emanating  from  this  secondary  separation  line  then  became  entrained  into  the 
vortex  in  the  manner  shown  in  the  figure.  The  modest  amount  of  pressure  recovery 
attained  by  this  flow  suggests  that,  for  the  Reynolds  number  range  considered  in  this 
experiment,  the  boundary  layer  was  in  the  laminar  state  at  the  point  of  secondary 
separation.  For  incidences  up  to  9°  a  clear  attachment  line  structure  was  observed.  In 
each  case  the  origin  lay  close  to  the -leading  edge  at  the  root  station  and  the  line  was 
straight  almost  up  to  the  tip.  The  extrapolated  attachment  line  met  the  tip  at  a 
chordwise  station  which  increased  with  increasing  incidence  e.g.  at  5°  the  line  met  the 
tip  station  at  an  x/C  of  approximately  0.06  whilst  at  70  it  was  0.10  -  see  figure  6. 
Beyond  9 o  incidence  the  vortex  burst  over  the  wing.  This  modification  to  the  vortex 
induced  pressure  field  caused  the  attachment  line  to  terminate  part  way  across  the  span 
as  shown  in  figure  7.  One  interesting  consequence  of  this  was  that  the  inboard  flow  near 
the  secondary  separation  line  was  from  root  to  tip  whilst  the  outboard  flow  was  from 
tip  to  root.  Therefore  a  'blob'  of  oil  formed  on  the  leading  edge  at  approximately  the 
same  spanwise  location  as  the  vortex  burst.  Further  increases  in  incidence  simply  drove 
the  vortex  burst  (and  the  oil  blob)  towards  the  apex  of  the  wing  with  the  limiting 
position  being  reached  at  approximately  20°  incidence.  Beyond  20°  there  was  considerable 
flow  unsteadiness. 

d )  45°  Sweep 

Up  until  8°  incidence  the  flow  was  similar  to  that  found  with  30°  of  sweep. 

However,  as  the  vortex  burst  developed  beyond  8°  the  attachment  line  became  highly 
curved  as  shown  in  figure  8.  This  indicates  that  the  vortex  was  turning  to  align 
itself  with  the  free  stream  and  that  it  crossed  the  trailing  edge  somewhere  between  the 
mid-span  and  tip  locations.  The  appearance  of  a  separation  line  out  near  the  tip  also 
suggests  that  the  flow  along  the  trailing  edge  had  passed  underneath  the  vortex.  As 
incidence  was  increased  further  the  secondary  separation  line  moved  away  from  the 
leading  edge  and  joined  the  tip  separation  line  to  form  a  continuous  structure  running 
from  the  wing  apex  to  the  trailing  edge  -  see  figure  9.  In  this  case  the  pressure 
distribution  clearly  indicates  that  in  the  vicinity  of  the  root  the  boundary  layer  was 
turbulent  at  secondary  separation  and  the  location  of  the  vortex  burst  is  shown  by  a 
kink  in  the  secondary  separation  line.  This  steady  flow  pattern  was  found  at  all 
incidences  up  to  the  highest  available  i.e.  25°. 

e)  56°  Sweep 

Once  again  at  the  low  incidences  (  7°)  the  surface  oil-flow  patterns  showed  a 
qualit ively  similar  behaviour  to  those  found  at  30°  and  45°  sweep.  At  an  incidence  of 
7°  the  vortex  core  passed  over  the  trailing  edge  causing  a  separation  of  the  spanwise 
flow  near  the  tip  station.  Figure  10  shows  the  surface  flow  patterns  and  pressure 
distributions  for  11°  incidence  where  a  continuous  attachment  line  and  continuous 
secondary  separation  line  ran  from  the  leading  edge  at  the  root  to  the  trailing  edge 
out  near  the  tip.  The  pressure  distributions  show  that  the  vortex  was  strong  and  that 
the  boundary  layer  flow  was  probably  turbulent  at  the  secondary  separation  line.  There 
was  no  kink  in  the  separation  line  to  suggest  vortex  bursting.  This  steady  flow  was 
obtained  at  all  incidences  up  to  the  maximum  of  20°.  The  peak  suctions  induced  by  the 
vortex  occurred  at  approximately  14©  incidence  for  all  spanwise  stations. 


The  tests  described  above  were  conducted  with  a  wind  speed  of  approximately 
30  m/sec.  In  order  to  examine  the  effect  of  Reynolds  number  many  of  the  configurations 
were  also  tested  at  15  m/sec.  In  the  case  of  the  sharp  leading  edge  the  surface 
oil-flow  patterns  showed  no  significant  variation  for  the  Reynolds  number  range 
0.75  x  10®  to  3.0  x  10®. 
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RAE  101  leading  edge  (p/C  *  0.012) 

a)  Zero  Sweep 

For  angles  of  incidence  less  than  6°  the  flow  was  attached  from  leading  to 
trailing  edges.  Transition  was  clearly  visible  in  the  surface  oil-flow  and  the 
transition  front  on  the  upper  surface  was  observed  to  move  forward  as  the  angle  of 
incidence  was  increased.  At  7°  a  bubble  was  formed  close  to  the  leading  edge  which 
extended  from  the  root  to  within  0.46  m  of  the  tip.  Further  increases  in  incidence 
caused  the  outboard  end  of  the  bubble  to  move  closer  to  the  tip  but  the  chordwise 
extent  of  the  bubble  was  hardly  altered.  The  absence  of  chordwise  length  variation 
with  incidence  indicates  that  the  bubble  was  of  the  'short'  type.  At  a  Reynolds 
number  of  8  x  105  the  wing  stalled  at  about  14°.  When  the  Reynolds  number  was  increased 
to  1.5  x  10*  the  stall  began  at  16°.  The  stall  was  produced  by  a  separation  of  the 
turbulent  boundary  layer  downstream  from  the  short  bubble.  Unsteady  reversing  flow  was 
observed  from  the  trailing  edge  right  up  to  the  bubble  but  there  was  a  small  region  of 
attached  flow  maintained  at  the  tip.  The  surface  pressure  distributions  showed  large 
suctions  developing  close  to  the  leading  edge.  At  the  incidences  just  below  the  stall 
the  peak  suctions  (Cp  of  order  -7)  were  occuring  over  the  mid-span  region  with  reduced 
suctions  being  found  towards  both  root  and  tip. 

b)  15°  Sweep 

As  in  the  case  of  zero  sweep  there  was  attached  transition  and  no  bubble  structure 
formed  until  7°  Incidence.  At  7°  Incidence  a  short  bubble  formed  over  the  mid-span 
section  of  the  wing  -  where  the  pressure  measurements  indicated  that  the  loading  near 
the  leading  edge  was  largest.  As  incidence  was  increased  further  the  bubble  spread 
rapidly  in  the  spanwise  direction  towards  both  root  and  tip.  A  full  span  bubble  was 
observed  at  10°.  Once  again  the  stall  angle  was  found  to  be  Reynolds  number  dependent. 

At  the  highest  Reynolds  number  (1.5  x  106)  the  flow  was  separated  from  the  bubble  to 
the  trailing  edge  at  16°  incidence,  although  there  were  some  small  regions  of  attached 
flow  in  the  vicinity  of  the  root  and  tip.  By  18°  incidence  the  flow  was  unsteady  and 
reversing  right  from  root  to  tip  with  only  small  patches  of  short  bubble  structure 
remaining. 

c )  30°  Sweep 

In  this  case  the  short  bubble  formed  in  the  mid-span  region  at  about  6°.  At  7°  the 
outboard  end  of  the  bubble  had  reached  the  tip  whilst  the  inboard  end  was  still  some 
0.43  m  from  the  root.  As  incidence  was  increased  the  inboard  end  of  the  bubble  moved 
closer  to  the  root  with  the  movement  being  essentially  complete  by  12°.  At  this 
incidence  there  was  spanwise  flow  at  the  trailing  edqe  with  a  small  region  of  reverse 
flow  at  the  tip  -  see  figure  11  Going  from  13°  to  14°  incidence  caused  the  outboard 
flow  to  collapse  as  shown  in  f.  jure  12  leaving  the  root  as  the  most  highly  loaded 
portion  of  the  wing.  The  movement  of  the  oil  over  the  outboard  sections  suggested  that 
the  vortex  sheet  leaving  the  primary  separation  line  was  rolling  up  to  form  a  part-span 
spiral  vortex  -  see  Black5.  However,  at  this  sweep  angle  the  vortex  was  only  capable  of 
inducing  relatively  weak  flows  at  the  aerofoil  surface.  Increasing  the  incidence  to 
highe.r  values  simply  caused  the  spanwise  extent  of  the  attached  root  flow  to  contract 
with  a  corresponding  increase  in  the  general  level  of  unsteadiness  in  the  separated  flow. 
Flow  patternsobtained  at  Reynolds  numbers  of  8.7  x  105  and  1.7  x  106  showed  very 
similar  qualitative  behaviour. 

d)  45°  Sweep 

For  a  Reynolds  number  of  2.1  x  106  a  short  leading  edge  bubble  formed  at  the  tip  at 
4  incidence.  Increasing  the  incidence  caused  the  upstream  end  of  the  bubble  to  move 
closer  to  the  root.  At  12°  incidence  the  bubble  was  still  0.2  m  from  the  root  with  the 
oil-flow  indicating  predominantly  spanwise  flow  with  a  region  of  reversed  flow  at  the 
trailing  edge  over  the  outer  part  of  the  wing.  When  the  incidence  was  raised  to  14°  the 
flow  in  the  vicinity  of  the  tip  collapsed  to  form  a  part-span  vortex  with  the 
characteristic  oil-blob  'eye*  located  close  to  the  leading  edge  and  0.89  m  from  the  tip. 
The  corresponding  oil-flow  and  surface  pressure  distribution  are  given  in  figure  13.  As 
the  incidence  was  increased  further  the  part-span  vortex  origin  moved  along  the  leading 
edge  towards  the  root  and  a  line  of  secondary  separation  developed  as  shown  in  figure  14. 
A  similar  flow  field  was  observed  up  to  the  maximum  incidence  available  (24°). 

Tests  at  the  lower  Reynolds  number  (1  x  lo6)  revealed  that  for  incidences  below 
12  the  surface  oil-flow  patterns  were  indistinguishable  from  those  observed  at  a 
Reynolds  number  of  2.1  x  10*.  However,  at  13©  the  surface  flow  changed  abruptly  to  the 
type  sketched  in  figure  15.  In  this  case  the  short  bubble  structure  did  not  form. 

Instead  the  shear  layer  eminating  from  the  primary  separation  line  appeared  to  be 
rolling  up  to  form  a  strong  spiral  vortex  which  caused  free-stream  air  to  attach  at  some 
downstream  station  with  a  secondary  separation  line  forming  between  this  attachment  line 
and  the  primary  separation  line.  The  structure  of  this  flow  appears  to  be  qualitatively 
similar  to  that  found  on  the  sharp  leading  edge  at  the  same  incidence  and  sweep  angle  - 
see  figure  9.  Further  increases  in  incidence  did  not  change  the  basic  features  of  the 
pattern  but  beyond  14°  the  secondary  separation  line  crossed  the  trailing  edge  rather 
than  the  tip  and  beyond  16°  the  attachment  line  structure  did  not  extend  right  to  the 
trailing  edge. 
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e)  56°  Sweep 

At  incidences  below  10°  the  development  of  the  surface  flows  were  very  similar 
to  that  observed  at  45°  of  sweep  and  the  same  results  were  observed  at  Reynolds  numbers 
of  1.4  x  10°  and  2.7  x  106.  The  surface  oil-flow  pattern  and  pressure  distributions 
for  10°  incidence  are  shown  in  figure  16.  At  the  higher  Reynolds  number  increasing  the 
incidence  to  11°  resulted  in  a  modification  in  the  tip  flow  as  shown  in  figure  17.  Here 
there  was  a  full  span  short  bubble  structure  but  on  the  outer  part  of  the  wing  the  flow 
separated  just  downstream  from  the  bubble  re-attachment  line.  The  shear  layer 
originating  at  this  secondary  separation  line  apparaently  rolled  up  to  form  a  vortex 
which  was  sufficiently  strong  to  induce  the  free-stream  fluid  to  form  a  secondary 
attachment  line  as  shown.  Finally  flow  from  the  secondary  attachment  line  was  observed 
to  separate  along  a  tertiary  separation  line  which  was  formed  close  to  the  trailing  edge. 
Further  increases  in  incidence  at  this  high  Reynolds  number  caused  the  flow  features 
described  above  to  move  across  the  wing  towards  the  root  station  -  see  figure  18.  At 
the  lower  Reynolds  number  the  short  leading  edge  bubble  was  not  found  at  incidences 
beyond  10°.  Instead  the  three-dimensional  vortex  structure  previously  observed  at  the 
low  Reynolds  number  with  45°  sweep  was  found  again  as  shown  in  figure  19.  This  pattern 
was  observed  at  incidences  up  to  the  maximum  available  (18°) . 


Blunt  leading  edge  (p/C  -  0.03) 

a)  Zero  Sweep 

At  zero  incidence  the  flow  was  attached  from  leading  to  trailing  edges  with 
boundary  layer  transition  occuring  at  an  x/C  of  0.35.  For  this  leading  edge  shape  a 
'short'  separation  bubble  formed  at  very  low  incidence  -  it  was  clearly  visible  at  only 
2°.  The  stall  appeared  to  be  due  to  the  'bursting'  of  the  short  leading  edge  bubble 
and  the  angle  of  incidence  at  which  the  stall  took  place  varied  between  12°  and  15°  for 
the  Reynolds  number  range  available  in  the  test. 

b)  15°  Sweep 

The  flow  patterns  produced  were  qualitatively  similar  to  those  found  at  zero  sweep 
except  that  a  small  spanwise  flow  component  developed  in  the  vicinity  of  the  trailing 
edge.  At  a  Reynolds  number  of  1.6  x  10°  the  aerofoil  stalled  at  15°  incidence  due  to 
bursting  of  the  leading  edge  separation  bubble. 

c)  30°  Sweep 

Up  until  14°  incidence  the  development  of  the  flow  was  very  similar  to  that  found 
at  15°  sweep  although  there  was  much  more  cross-flow  towards  the  trailing  edge.  At  a 
Reynolds  number  of  1.7  x  106  the  flow  over  the  outer  portion  of  the  wing  collapsed  at 
15ft  to  form  a  part-span  vortex  as  shown  in  figure  20.  In  this  caser  however,  the 
oil-blob  'eye*  structure  was  very  large  and  was  centred  at  an  x/C  of  0.23.  Flow  patterns 
observed  at  incidences  up  to  24°  were  quantitatively  similar  with  the  centre  of  the  'eye' 
moving  slowly  towards  the  root  and  towards  the  mid-chord  position  as  incidence  increased. 
In  all  cases  there  was  general  unsteadiness  in  the  separated  part  of  the  flow.  At  the 
lower  Reynolds  number  of  9  x  10^  the  flow  over  the  outer  part  of  the  wing  also  collapsed 
at  15°  Incidence.  However,  as  may  be  seen  in  figure  21,  there  were  significant 
differences  in  the  surface  oil-flow  patterns.  Firstly,  in  the  region  near  the  root, 
there  was  no  short  bubble  formed.  Instead  the  three-dimensional  separation/separation/ 
attachment  structure  was  found.  Secondly,  the  part-span  vortex  was  eminating  from  a 
location  which  was  closer  to  the  leading  edge  as  indicated  by  the  position  of  a  much 
smaller  oil-blob  'eye'.  Further  increases  in  incidence  simply  caused  the  part-span 
vortex  origin  to  move  along  the  leading  edge  towards  the  root. 

d )  45°  Sweep 

At  zero  incidence  the  flow  was  attached  everywhere  with  transition  located  at 
50%  chord.  As  before  a  short  leading  edge  bubble  formed  at  very  low  incidence.  For  a 
Reynolds  number  of  2.1  x  10°  there  was  attached  flow  downstream  of  the  bubble  until  an 
incidence  of  14°  was  reached.  At  this  incidence  a  secondary  separation  line  was  forming 
out  near  the  tip  at  an  x/C  of  about  0.5.  This  flow  is  shown  in  figure  22.  increasing 
the  incidence  at  this  Reynolds  number  caused  the  separation  line  to  increase  in  length 
and  move  closer  to  the  leading  edge  bubble.  At  20°  incidence  the  leading  edge  bubble 
failed  to  close  at  the  tip  and  a  part-span  vortex  was  formed  at  the  junction  between  the 
two  flow  regions.  Further  increases  in  incidence  caused  the  origin  of  the  part-span 
vortex  to  move  towards  the  root  as  indicated  in  figure  23.  When  the  Reynolds  number 
was  reduced  to  1  x  10*  the  short  leading  edge  bubble  failed  to  form  at  an  Incidence  of 
10°  and,  as  in  previous  cases,  the  fully  three-dimensional  spiral  vortex  flow  was 
observed  -  see  figure  24.  By  14°  incidence  the  attachment  line  was  crossing  the  trailing 
edge  at  about  the  mid-span  position  and  the  secondary  separation  had  moved  further  away 
from  the  leading  edge.  Beyond  14°  incidence  the  attachment  line  did  not  reach  the 
trailing  edge,  suggesting  that  a  vortex  burst  was  taking  place  over  the  wing.  At  24° 
there  was  no  longer  any  attachment  line  structure  dlscernable  in  the  oil-flow  pattern. 
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e)  56°  Sweep 

For  Incidences  below  10°  the  flow  was  similar  to  that  observed  in  the  45°  sweep 
case.  At  0°  the  flow  was  wholly  attached  with  transition  taking  place  at  40%  chord.  A 
short  leading-edge  bubble  formed  at  2°  and,  at  a  Reynolds  number  of  2.7  x  10s,  this  flow 
persisted  until  an  incidence  of  12°.  The  oil-flow  pattern  observed  at  12°  incidence  is 
sketched  in  figure  25.  Beyond  12°  a  secondary  separation  developed  parallel  to  and 
approximately  0.02  m  downstream  of  the  bubble  re-attachment  line  in  the  immediate 
vicinity  of  the  tip.  The  vortex  sheet  springing  from  this  separation  line  appeared  to 
roll  up  to  form  a  strong  spiral  vortex  whose  axis  was  almost  aligned  with  the 
undisturbed  f ree-stream  direction.  The  oil-flow  produced  at  an  incidence  of  15°  is 
sketched  in  figure  26  where  the  influence  of  the  spiral  vortex  on  the  tip  region  of  the 
wing  is  clearly  visible.  As  the  incidence  was  increased  the  starting  point  for  the 
secondary  separation  moved  along  the  leading  edge  towards  the  root  with  a  tertiary 
separation  developing  behind  the  secondary  separation.  Figure  27  shows  the  oil-flow 
obtained  at  the  maximum  Incidence  available  which  was  19°.  At  the  lower  Reynolds 
number  of  1.4  x  10®  the  short  bubble  structure  failed  to  form  at  7°  incidence  and  once 
again  the  three-dimensional  spiral  vortex  flow  was  observed.  The  flow  exhibited 
features  similar  to  those  found  at  other  sweep  angles  and  with  other  leading  edge  radii. 
Figure  28  shows  the  pattern  observed  at  11°,  This  type  of  flow  was  found  to  exist  up 
to  the  maximum  incidence  attainable  (19°). 


4.  DISCUSSION 

At  the  lowest  unit  Reynolds  number  (1  x  106/m)  none  of  the  three  sections  tested 
exhibited  spiral  vortex  flow  at  either  0°  or  15°  sweep.  However  at  30°  sweep,  and  above, 
all  the  sections  produced  the  type  of  three-dimensional  spiral  vortex  flow  which  is 
sketched  in  figure  5  -  see  for  example  figures  10,  15  and  24.  In  each  case  the  shear 
layer  which  leaves  the  surface  at  the  primary  separation  line  rolls  up  to  form  a  spiral 
vortex.  This  vortex,  which  has  its  origin  in  the  wing  root  apex,  produces  a  new  line  of 
attachment  at  some  station  further  back  along  the  chord.  The  attachment  line  also  has 
its  origin  in  the  wing  root  apex  and  the  flow  patterns  over  the  inboard  portion  of  the 
various  wing  sections  are  very  similar  in  appearance  to  those  produced  by  the  near 
conical  spiral  vortex  flows  generated  when  thin  delta  wings  are  placed  at  Incidence  to 
an  oncoming  flow.  There  is  also  a  strong  similarity  between  the  present  flow  patterns 
and  the  patterns  observed  by  Sutton6  in  his  study  of  flow  attachment  downstream  of 
separation  from  a  swept  salient  edge.  The  combination  of  sweep  and  incidence  necessary 
for  the  establishment  of  this  'conical*  type  of  spiral  vortex  flow  are  presented  in 
figure  29.  In  each  case  the  'critical 'value  for  the  streamwise  incidence  decreases 
as  the  angle  of  sweep-back  is  increased.  It  is  also  apparent  that  there  is  a  strong 
dependence  upon  leading  edge  radius.  As  might  be  expected  the  section  with  the  'sharp' 
leading  edge  exhibits  the  spiral  vortex  flow  at  the  lowest  incidence  -  less  than  4°  for 
all  the  sweep  angles  considered.  However  it  is  particularly  interesting  to  note  that 
the  highest  critical  Incidences  are  found  on  the  section  with  the  intermediate  leading 
edge  radius  (1.2%C).  The  precise  reason  for  this  behaviour  is  not  known  at  present  but 
it  seems  likely  that  progress  towards  an  understanding  of  this  phenomenon  will  require 
much  more  detailed  knowledge  of  the  flow  processes  taking  place  in  the  free  shear-layer 
immediately  downstream  of  the  line  of  primary  separation. 

When  the  unit  Reynolds  number  was  increased  to  2  x  106/m  there  was  still  no  spiral 
vortex  flow  found  at  0°  and  15°  sweep.  However,  at  sweep  angles  beyond  15°  a  variety 
of  spiral  vortex  flow  wsb  observed.  With  the  'sharp'  leading  edge  wing  section  the 
behaviour  was  precisely  the  same  as  that  found  at  the  lower  Reynolds  number  with  the 
'conical'  spiral  vortex  flow  appearing  at  the  same  angles  of  Incidence.  For  30°  of 
sweep  both  the  rounded  leading  edge  sections  exhibited  a  similar  behaviour  in  so  far  as 
part-span  vortices  were  generated  when  the  short  leading-edge  bubble  failed  to  close  on 
the  more  highly  loaded  outer  part  of  the  wing  -  see  figures  12  and  20.  At  45°  of  sweep 
the  RAE  101  nose  (1.2%C)  also  produced  a  part-span  vortex  by  this  same  mechanism  -  as 
shown  in  figure  13.  However  for  the  blunt  nosed  section  at  this  sweep  angle  the  flow 
downstream  of  the  short  bubble  separated  close  to  the  bubble  on  the  outer  part  of  the 
wing  and  it  would  appear  that  the  rolling  up  of  the  shear  layer  leaving  the  surface 
along  this  line  of  secondary  separation  produced  the  spiral  vortex  flow.  This  situation 
is  illustrated  in  figure  23  where  it  can  also  be  seen  that  the  short  bubble  does  not 
close  on  the  outer  part  of  the  wing.  A  very  similar  situation  occured  with  the  RAE  101 
nose  at  56°  of  sweep  as  shown  in  figure  18.  However  for  the  blunt  nose  at  56°  of  sweep 
the  part-span  vortex  was  fed  from  the  shear  layer  leaving  the  secondary  separation  line 
whilst  a  full-span  short  bubble  structure  was  retained  up  to  the  highest  incidence 
investigated.  This  is  shown  in  figure  27.  A  summary  of  the  combinations  of  sweep  angle 
and  Incidence  necessary  for  the  onset  of  spiral  vortex  flow  is  presented  in  figure  30. 

As  was  the  case  for  the  lower  Reynolds  number  tests  the  'critical*  incidence  decreases 
with  Increasing  sweep  angle.  However  at  the  high  Reynolds  numbers  the  section  with  the 
largest  leading  edge  radius  also  had  the  largest  critical  Incidence.  By  comparing 
figures  29  and  30  it  may  be  tentatively  concluded  that  the  larger  the  leading  edge 
radius  the  stronger  the  dependence  of  'critical'  incidence  upon  Reynolds  number. 

Kith  regard  to  Reynolds  number  dependence  it  is  interesting  to  note  that  in  the 
present  tests  no  part-span  vortices  were  observed  at  the  lower  unit  Reynolds  number. 
However  Black®  produced  a  part-span  vortex  on  a  wing  with  a  leading  edge  sweep  of  44° 
at  a  Reynolds  number  of  0.5  x  10®.  In  the  present  tests, there  was  no  part-span  vortex 
found  at  45°  of  sweep  with  a  Reynolds  number  of  1.1  x  10®.  Similarly  Dlckmann7  observed 
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part-span  vortices  on  a  wing  with  an  NACA  0012  section  laid  normal  to  the  leading  edge 
for  sweep  angles  between  20°  and  50°  at  Reynolds  numbers  from  0.35  x  10®  to  0.51  x  10^. 
Therefore  it  is  necessary  to  conclude  that  Reynolds  number  is  not,  in  itself,  sufficient 
to  determine  the  type  of  spiral  vortex  flow  produced  in  a  given  situation.  This  supports 
the  notion  that  the  type  of  flow  which  emerges  is  determined  by  the  processes  such  as 
transition,  entrainment  etc.,  which  take  place  in  the  free  shear-layer  immediately 
downstream  of  the  primary  separation  line.  If  this  is  the  case  then  future  work  in  this 
area  should  include  measurements  of  those  quantities  which  are  known  to  affect  the 
development  of  free  shear-layers  such  as  free-stream  turbulence  levels,  turbulence 
spectra  and  tunnel  acoustic  disturbance  levels. 

Finally  it  is  appropriate  to  point  out  an  additional  feature  which  was  clearly 
visible  in  some  of  the  photographs  of  the  surface  oil-flows.  In  reference  6  Sutton  has 
noted  that  in  some  cases  a  shear-layer  issuing  from  a  swept  separation  line  becomes  very 
sensitive  to  small  surface  imperfections  ahead  of  the  separation  line.  The  effect  of  an 
imperfection  is  to  produce  a  local  shedding  of  vorticity  in  the  form  of  a  small  trailing 
vortex  which  is  approximately  aligned  with  the  free-stream  direction.  In  the  present 
series  of  tests  imperfections  were  occasionally  introduced  by  the  formation  of  small 
agglomerations  of  titanium  dioxide  powder  during  the  surface  oil-flow  visualisation 
process.  These  sources  of  disturbance  produced  trailing  vortices  on  the  sharp  leading 
edge  section  at  56°  sweep,  5°  incidence  and  a  Reynolds  number  of  2.7  x  10®.  No  such 
vortices  were  found  for  the  RAE  101  nose.  However,  for  the  blunt  nosed  section  at  the 
high  unit  Reynolds  number,  disturbances  were  clearly  visible  at  45°  sweep  when  the  Q 
incidence  was  greater  than  17°  and  at  56°  sweep  when  the  incidence  was  greater  than  12°. 


5.  CONCLUSIONS 

The  investigation  has  revealed  that  for  sweep  angles  in  excess  of  15°  there  are  at 
least  three  different  ways  in  which  a  spiral  vortex  flow  can  be  generated  over  a 
swept-back  wing.  These  are:- 

a)  A  full-span  vortex  can  be  formed  by  a  rolling  up  of  the  shear  layer  which  leaves 
the  aerofoil  surface  at  the  primary  separation  line.  This  type  of  vortex  flow 
is  very  similar  in  appearance  to  the  flows  generated  on  sharp  edged  thin  delta 
wings  at  incidence. 

b)  A  part-span  vortex  can  be  formed  when  conditions  are  such  that  the  shear  layer 
from  the  primary  separation  re-attaches  to  form  a  short  bubble  on  the  inboard 
portion  of  the  wing  but  fails  to  re-attach  on  the  more  heavily  loaded  outboard 
sections.  That  part  of  the  shear  layer  which  does  not  re-attach  rolls  up  to 
form  the  vortex. 

c)  A  part-span  vortex  can  be  formed  when  the  boundary  layer  flow  downstream  of  a 
short  separation  bubble  leaves  the  surface  close  to  the  bubble  along  a  line  of 
secondary  separation.  This  secondary  separation  line  forms  first  in  the 
vicinity  of  the  tip  where  the  loading  is  highest  and  the  resulting  free  shear- 
layer  rolls  up  to  form  the  vortex. 

In  the  present  tests  type  (a)  was  observed  for  all  the  sections  tested  when  the 
unit  Reynolds  number  waB  1  x  10®/m.  When  the  unit  Reynolds  number  was  increased  to 
2  x  10^/m  the  section  with  the  sharp  leading  edge  continued  to  generate  type  (a)  whilst 
the  two  rounded  sections  produced  type  (b)  at  30°  sweep  and  type  (c)  at  56°  sweep.  In 
general  it  was  found  that  the  incidence  necessary  for  the  onset  of  spiral  vortex  flow 
depended  strongly  upon  leading  edge  radius  and  that  dependence  upon  Reynolds  number 
increased  with  increasing  leading  edge  radius.  For  a  given  leading  edge  radius  and  unit 
Reynolds  number  the  critical  incidence  decreased  with  increasing  sweep  angle. 

With  regard  to  Reynolds  number  dependence,  comparisons  with  other  work  show  that 
Reynolds  number,  sweep  and  Incidence  are  insufficient  in  themselves  to  determine  the 
type  of  flew  which  will  occur  on  a  given  aerofoil  section.  It  is  suggested  that  future 
experimental  work  should  include  measurements  of  the  wind-tunnel  disturbance 
environment . 
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sweep  angle 

n 

15° 

30° 

45° 

56° 

semi-span  (m) 

1.83 

1.83 

1.83 

1.83 

m 

streamwise  chord  (m) 

0.76 

0.79 

0.88 

1.08 

Ms 

taper  ratio 

1.00 

1.00 

1.00 

1.00 

1.00 

aspect  ratio 

4.80 

4.64 

U> 

«H 

W 

3.39 

2.68 

Table  1.  A  summary  of  the  planfom  characteristics 


leading  edge  radii  (c/CxlOO) 

0.03,  1.2, 

3.0 

sweep  angles  (degrees) 

0,  15,  30, 

45,  56 

streamwise  incidence  (degrees) 

continuously  variable  from  0  to  36x  cos  A 

streamwise  Reynolds  number 

0.75  x  106 

to  3.0  x  106 

free-stream  Mach  number 

0.1 

Table  2.  The  range  of  parameters  covered  in  the  tests. 


Figure  i.  Plan  view  of  1 
m  the  2.44m  i  149  m  * 


\ 


Figure  13.  Leading  edge  radius  *  1.20  7.  C  , 
sweep  *  45*  incidence  ■  14* .  Reynolds  No  *  2  1  *  10 
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).  INTRODUCTION 


Thin  slender  wings  with  highly  swept  and  relatively  sharp  leading  edges  are  of  increasing  importance  for 
several  modern  aircraft.  By  applying  sharp  leading  edges  the  primary  line  of  separation  remains  fixed  ac 
these  edges.  As  a  consequence,  within  a  vide  range  of  angles  of  attack  and  sideslip  a  steady  and  stable 
separation- induced  vortex  flow  is  formed  which  is  more  of  less  independent  of  Reynolds  number.  The  research 
into  this  phenomenon  of  three-dimensional  separated  flow  has  especially  been  activated  by  the  fact  that 
the  slender-wing  concept  has  been  applied  for  supersonic  aircraft  as  a  means  to  minimire  wave  drag. 

Most  of  the  experimental  work  has  been  concentrated  on  sharp-edged  slender  delta  wings.  Investigations  by 
Earnshav  (ref.  !),  Himenel  (refs. 2  and  3)  and  many  others  have  helped  to  obtain  a  good  insight  into  the 
topology  of  the  vortex  flow  over  such  wings  and  have  formed  a  basis  for  the  development  of  a  physically 
correct  model  for  various  computational  methods. 

The  National  Aerospace  Laboratory  (NLfO  and  the  Department  of  Aerospace  Engineering  of  the  Delft  University 
of  Technology  (DUT)  in  the  Netherlands  conduct  a  collaborative  research  program  with  the  objective  to 
develop  a  free-vortex-sheet  high-order  panel  method  to  predict  the  aerodynamic  characteristics  of  slender, 
sharp-edged  wing  configurations  with  controlled  separation.  The  theoretical  development  of  the  computational 
method  is  performed  at  NLR  by  Hoeijmakers  and  Vaatstra  (refs.  4  and  5),  while  the  experimental  investigations 
are  carried  out  at  DUT  by  Verhaagen  et  al.  In  ref.  5  it  is  demonstrated  that  with  the  present  NLR  method 
a  satisfactory  prediction  is  obtained  for  the  pressure  distribution  and  normal  force  of  a  slender  sharp- 
edged  delta  wing  of  unit  aspect  ratio.  In  addition,  the  shape  of  the  wake  behind  such  a  wing  is  very  well 
predicted.  At  present  the  free-vortex-sheet  method  is  extended  to  the  case  of  the  strake-ving  configuration. 
Such  a  configuration  is  employed  for  several  current  military  aircraft  in  order  to  extend  their  high- 
angle-of-attack  maneuvering  performance.  The  highly  swept  and  sharp-edged  strake  forms  an  additional 
Lifting  surface  above  which  a  stable  vortex  is  formed.  This  strake  vortex  persists  over  the  main  wing  and 
induces  a  strong  lateral  velocity  field  which  energizes  the  boundary  layer  on  its  leeward  surface.  As  a 
consequence,  a  well-organized  flow  is  maintained  over  the  main  wing.  A  limit  to  the  favourable  effects 
induced  by  the  strake  vortex  is  reached  once  the  angle  of  attack  attains  values  where  vortex  breakdown 
occurs  ahead  of  the  trailing  edge.  For  the  flow  about  strake-ving  configurations  no  physically  correct 
mathematical  model  is  available  at  present.  Experimental  investigations  by  Luckring  (ref.  6),  Liu  et  al. 

(ref.  7),  and  in  particular  Brennenstuhl  and  Hummel  (ref.  8)  have  been  valuable  in  obtaining  a  first 
insight  into  the  interaction  and  the  structure  of  the  vortices  above  such  configurations.  However,  little 
is  still  known  about  such  fundamental  aspects  as  the  position  and  shape  of  the  free  shear  layers,  the 
strength  of  the  vortices,  etc.  In  an  attempt  to  provide  more  data  on  these  and  other  characterist ics  of 

the  complicated  vortex  flow  above  strake-ving  configurations  the  DUT  is  carrying  out  an  experimental 

investigation  of  the  flow  over  three  simple  sharp-edged  wind-tunnel  models  at  low  speed  (fig.  1 ) .  As 
basic  model  a  76  deg.  swept  delta  wing  (model  I)  was  chosen  featuring  a  stable  and  near-conical  vortex 
flow.  The  other  two  models  are  double-delta  wing  models,  i.e.  simplified  strake-ving  conf igurat ions ,  with 

76/60  and  76/40  deg.  leading-edge  sweep  for  model  II  and  III,  respectively.  Model  II  is  more  or  less 

representative  for  high-speed  aircraft,  while  model  III  is  representative  for  several  current  highly- 
maneuverable  aircraft.  In  the  model  development  phase  it  was  theorized  that  model  II  would  exhibit  two 
vortex  systems,  namely  a  strake  vortex  system  fed  by  vorticity  from  the  strake  leading  edge,  and  a  wing 
vortex  system  fed  by  vorticity  from  the  wing  leading  edge.  This  model  thus  would  be  suited  to  study  the 
interaction  of  both  vortex  systems.  For  model  III  it  was  expected  that  at  low  angle  of  attack  only  the 
strake  vortex  system  would  be  present  over  the  model  and  that,  because  of  the  reduced  sweep  angle  of  the 
wing  leading  edge,  the  flow  over  the  outboard  panel  would  be  attached.  A  wing  vortex  is  expected  to  form 
only  at  sufficient  high  angle  of  attack. 

At  present,  balance  measurements  and  flow-visualization  tests  have  been  performed.  Some  first  tests 
results  have  been  reported  earlier  in  ref.  5.  In  the  present  paper,  after  describing  the  experimental  setup, 
the  results  of  the  f low-visual ization  tests  are  given.  These  results  are  used  to  determine  the  shape  and 
position  of  the  free  shear  layers,  and  to  construct  the  conjectured  topology  of  the  vortex  flow  in  cross- 
flow  planes.  Finally,  results  of  balance  measurements  are  presented.  The  investigation  will  be  described 
in  greater  detail  in  ref.  9. 

2.  EXPERIMENTAL  SETUP 


2.1.  Wind  tunnel  and  test  conditions 

The  investigation  was  carried  out  in  the  low-speed  wind  tunnel  of  the  Department  of  Aerospace  Engineering 
of  the  DUT.  The  wind  tunnel  has  an  octagonal  test  section,  1.25  m  high  x  1.80  a  wide,  and  a  turbulence 
level  of  about  0.05Z  at  the  speed  of  30  m/sec  used  in  the  present  investigation.  The  Reynolds  number  was 
1.4  x  10^,  based  on  centerline  chord. 

2.2.  Models 


The  geometry  of  the  three  models  is  given  in  fig.  1.  The  models  are  made  out  of  flat  Duralimiinium  plate. 
The  leading  and  trailing  edges  have  a  thickness  of  0.2  on.  These  edges  were  chamfered  on  the  windward 
side  of  the  model  only  in  order  to  leave  the  leeward  side  flat.  The  models  have  a  centerline  chord  length 
of  0.667  m  and  a  maximum  thickness  to  centerline  chord  ratio  of  0.03.  In  the  wind  tunnel  each  model  was 
suspended  at  the  x  -  0.75co  position  through  a  streamlined  strut  connected  to  a  six-ctmiponent  balance 
system.  In  order  to  avoid  interference  between  the  vortex  flow  over  the  model  and  the  strut,  the  models 
were  mounted  with  their  Leeward  side  facing  downwards.  The  suspension  allowed  angles  of  attack  between 
minus  and  plus  25  deg. 

2.3.  Flow  visualization 


To  obtain  an  indication  of  the  lateral  position  and  the  breakdown  point  of  the  leading-edge  vortices  smoke 
wss  injected  into  the  flow  upstreem  of  the  model.  The  smoke  (small  paraffin  oil  droplets)  is  sucked  into 
the  core  of  the  vortices  and  forms  smoke  trails.  These  trails  were  visualized  by  illuminating  the  leeward 
side  of  the  model  with  two  1000  Watt  lamps. 

To  study  the  crossflow  structure  of  the  leading-edge  vortices  a  laserl ight-sheet  technique  was  used. 

A  schematic  view  of  the  setup  used  for  this  technique  is  given  in  fig.  2.  The  cross-section  of  the  vortices 
was  illuminated  by  a  thin  sheet  of  intense  light  produced  by  a  5-Watt  argon-ion  laser  in  conjuction  with 


an  optical  system.  The  laser  was  mounted  on  a  traversing  platform  enabling  a  .’'anslation  in  free-streaa 
direction.  Through  this,  the  streamvise  development  of  the  vortex  flow  could  be  visualized.  Tbe  flow 
patterns  have  been  photographed  at  15,  20  and  25  deg.  angle  of  attack  by  a  remotely-controlled  camera 
positioned  in  the  diffusor  of  the  wind  tunnel.  In  addition,  the  flow  pattern  from  10  to  25  deg.  angle 
of  attack  has  been  recorded  on  video  tape  from  the  same  position. 

The  boundary-layer  flow  direction  on  the  leeward  side  of  the  model  was  visualized  by  means  of  an  oil-flow 
technique. 

2.4.  Force  and  moment  measurements 


Balance  measurements  were  performed  for  angles  of  attack  from  -5  to  +25  deg.  Lift  and  drag  are  referred 
to  the  wind-axis  system.  For  position  reference  the  body-axes  system  xyz  is  used  indicated  in  fig.  1. 

The  pitching  moment  was  taken  relative  to  the  x  »  0.5co  point. 

Corrections  were  applied  for  aerodynamic  interference  between  strut  and  model,  and  for  deflection  of  the 
strut  under  aerodynamic  loads.  As  far  as  tunnel-sidewall  corrections  are  concerned,  the  angle  of  attack 
and  the  aerodynamic  coefficients  were  also  corrected  for  blockage  and  lift  effects  following  methods 
discussed  by  Rogers  and  Garner  in  chapter  3  and  5  of  ref.  10.  Although  developed  for  attached  flow 
conditions,  Karou  (ref.  11)  has  shown  that  these  correction  methods  can  be  successfully  applied  for  flows 
with  strong  leading-edge  vortices. 

3.  RESULTS  OF  FLOW  FIELD  INVESTIGATION 

3.1.  Delta  wing  model  I 

3.1.1.  Vortex  flow  characteristics 


The  crossflow  over  model  I  is  clearly  visualized  by  the  laserlight-sheet  technique.  In  fig.  3  results  are 
shown  at  x  -  0.75co  and  1.25c0  for  an  angle  of  attack  of  20  deg.  From  the  leading  edge  a  free  shear  layer 
can  be  seen  to  depart  formed  by  the  merging  of  the  boundary  layers  from  the  windward  and  leeward  surface 
of  the  wing.  Under  the  influence  of  the  vorticity  contained  in  it  the  shear  layer  rolls  up  in  a  spiral 
fashion  to  form  the  so-called  rotational  core.  In  fig.  4  the  velocity  and  pressure  distribution  along  a 
traverse  through  the  vortex  center  is  presented  measured  by  Verhaagen  and  vanderSnoek  (ref.  12)  on  a 
slender  delta  wing  (AR  ■  1)  having  a  biconvex  cross-section.  The  shear  layer  is  characterized  by  a  jump 
in  the  direction  of  the  velocity  vector  and  by  a  reduction  of  the  total  pressure.  Through  viscous  forces, 
the  thickness  of  the  shear  layer  increases  with  increasing  distance  to  the  leading-edge. 

Inside  the  rotational  core  no  longer  a  shear  layer  can  be  detected  because  viscous  diffusion  has  smoothed 
out  completely  the  jumps  in  the  direction  of  the  velocity.  The  vorticity  inside  the  core  is  distributed 
continuously.  The  region  in  the  center  of  the  core  is  called  the  viscous  subcore  and  is  characterized  by 
large  gradients  of  velocity  and  pressure.  Axial  velocities  have  been  recorded  there  of  more  than  twice 
the  free-stream  velocity.  Because  of  the  high  circumferential  velocity  inside  the  subcore  smoke  particles 
entering  this  region  are  inmediately  centrifuged  out  of  it,  which  explains  why  this  region  shows  up  as  a 
black  spot  in  laserlight-sheet  flow  photographs. 

The  secondary  vortices  could  not  be  visualized  with  the  laserlight-sheet  technique  since  these  vortices 
are  too  weak  and  close  to  the  wing  surface.  Their  presence,  however,  is  clearly  evidenced  in  the  oil-flow 
pattern  on  the  leeward  surface  of  the  model  (fig.  5).  On  this  surface  the  near-conical  vortex  flow 
generates  a  pattern  which  is  characterized  by  attachment,  secondary  separation  and  tertiary  separation 
points  located  on  rays  through  the  apex.  At  the  x  **  0.85co  chordwise  position  the  secondary  separation  lines 
move  outboard  due  to  the  transition  from  laminar  to  turbulent  of  the  boundary  layer  underneath  the 
primary  vortex. 

A  short  distance  downstream  of  the  trailing  edge  a  concentrated  trailing  vortex  is  formed  at  the 
approximately  y  -  0.70  b/2  spanwise  position.  Although  the  trailing  vortex  has  the  same  direction  of 
rotation  as  the  secondary  vortex,  observations  by  Huumel  (ref.  3)  show  that  these  are  separate  vortices. 
Downstream  of  the  trailing  edge  the  (more  outboard)  secondary  vortex  decays  rapidly,  while  the  trailing 
vortex,  on  the  contrary,  increases  in  strength  and  is  moved  upwards  around  the  stronger  primary  vortex. 

The  trailing  vortex  is  a  double-branched  vortex,  because  one  shear  layer  is  connected  to  the  wake,  the 
other  one  to  the  primary  vortex. 

The  crossflow  above  and  behind  the  model  was  observed  from  10  to  25  deg.  angle  of  attack.  From  the  obser¬ 
vations  it  can  be  concluded  that,  as  might  be  expected,  the  crossflow  structure  remains  topologically  the 
same  with  increasing  angle  of  attack.  The  position  of  the  leading-edge  vortex  core  has  been  determined 
from  laserlight-sheet  photographs.  The  coordinates,  made  dimensionless  by  the  centerline  chord  cQ  or  by 
the  local  semi-span  s,  are  presented  in  fig,  6. 

3.1.2.  Crossflow  plane  topology 

In  a  penetrating  study  of  three-dimensional-flow  phenomena  Peake  and  Tobak  (ref.  13)  provide  a  tool  for 
the  construction  of  the  topology  of  surf acef low  and  crossflow  patterns.  Based  on  studies  of  Lighthill 
(ref.  14)  and  Legendre  (ref.  15),  they  suggest  that  surface  oil-flow  streaks  are  representative  of  skin- 
friction  lines  and  that  the  pattern  formed  by  the  skin-friction  lines  can  be  considered  as  a  continuous 
vector  field  in  which  singular  points  (nodes,  foci  and  saddle  points)  occur  at  points  on  the  surface 
where  surface  vorticity  and  skin  friction  become  identically  zero.  The  number  and  type  of  singular  points 
on  the  surface  obey  simple  topological  lavs.  Hunt  et  al.  (ref.  16)  have  shown  that  in  conjunction  with 
the  skin-friction  lines  pattern  it  is  possible  to  construct  the  characteristics  of  the  external  flow 
field.  This  consists  of  a  continuous  vector  field  (streamlines)  with  a  finite  number  of  singular  points 
embedded  in  the  flow  at  which  velocity  equals  zero.  The  crossflow-plane  streamlines  are  not  the  projection 
of  the  three-diatcnsional  streamlines  into  the  crossflow  plane,  but  are  the  streamlines  produced  by  the 
crossflow  velocity  vector  field.  Just  as  the  singular  points  on  the  surface,  those  in  the  external  flow 
satisfy  topological  rules.  For  the  streamlines  on  a  two-dimensional  plane  cutting  a  three-dimensional  body 
ref.  13  gives  the  following  relation  (topological  rule  no.  3): 
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number  of  nodes  in  the  external  flow 
number  of  half-nodes  on  the  model  surface 
number  of  saddle  points  in  the  external  flow 

number  of  half-saddle  points  of  attachment  on  the  model  surface 
number  of  half-saddle  points  of  separation  on  the  model  surface 


From  the  flow  visualization  results  of  model  1  (figs.  3  and  5),  the  postulated  streamline  pattern  in  a 
crossflow  plane  has  been  deduced  and  sketched  in  fig.  7.  Consistent  with  the  skin-friction  line  pattern  of 
fig.  3,  this  figure  shows  a  symmetrically  arranged  crossflow  with  primary  and  secondary  separation.  Within 
the  external  flow  there  are  five  singular  points,  namely  four  nodes  and  one  saddle  point.  On  the  leeward 
surface  the  points  of  attachment  and  separation  form  seven  half-saddle  points,  on  the  windward  surface 
there  is  another  half-saddle  point  (of  attachment).  As  indicated  in  fig.  7,  this  streamline  pattern  is  in 
accordance  with  topological  rule  no.  3  of  ref.  13. 

The  origin  of  the  vortices  in  the  vicinity  of  the  apex  is  still  not  well  understood.  In  this  region  the 
skin-friction  line  pattern  usually  lacks  sufficient  resolution  to  be  of  much  help.  Theoreticians  have 
postulated  some  patterns  by  magnifying  the  apex  region  to  such  an  extent  that  the  edges  may  be  considered 
to  be  round.  The  flow  near  the  apex  may  then  assumed  to  be  similar  with  the  flow  near  a  round-nosed  wing. 
An  overview  and  detailed  description  of  physically  possible  skin-friction  line  patterns  for  such  a  case  is 
given  also  in  ref.  13. 


3.2.  Double-delta  wing  model  II 

3.2.1.  Streamwise  development  of  the  vortex  flow  at  a  »  20  deg. 

In  fig.  8  the  results  are  shown  of  the  visualization  of  the  vortex  flow  above  and  behind  model  II  for  an 
angle  of  attack  of  20  deg. 

Above  the  forward  half  (strake)  of  this  model  (fig.  8a)  the  flow  is  similar  to  the  flow  above  the  forward 
half  of  a  slender  delta  wing.  The  flow  is  nearly  conical  and  dominated  by  two  near-conical  leading-edge 
vortices.  The  shear  layers  which  emanate  from  the  strake  leading  edges  roll-up  into  the  so-called  strake 
vortices.  Downstream  of  the  leading-edge  kink  an  additional  voTtex,  the  wing  vortex,  is  formed.  In  the 
pictures  of  fig.  8  this  vortex  can  be  seen  to  whirl  around  the  strake  vortex.  But,  through  mutual  induction, 
also  the  strake  vortex  is  forced  into  a  whirling  motion.  The  wing  vortex  is  a  double-branched  vortex, 
because  one  shear  layer  is  connected  to  the  wing  leading  edge  and  the  other  one  to  the  strake  vortex. 
Presumably  all  vorticity  in  the  shear  layers  is  of  the  same  sign.  The  wing  vortex  is  continuously  fed  with 
vorticity  from  the  wing  leading  edge  as  well  as  from  the  shear  layer  between  wing  and  strake  vortex.  A6  a 
consequence  it  will  increase  in  strength  with  distance  to  the  kink.  At  some  distance  of  the  kink  the  amount 
of  vorticity  fed  into  the  strake  vortex  will  gradually  diminish.  Consequently,  the  strength  of  this  vortex 
will  become  constant  or  even  reduce  because  vorticity  is  ‘’stolen"  by  the  wing  vortex.  Detailed  measurements 
of  the  flow  field  downstream  of  the  leading-edge  kink  have  been  carried  out  by  Brennenstuhl  and  Hummel 
(ref.  8).  As  model  they  used  a  thin  flat-plate  80/60  deg.  swept  double-delta  wing,  the  leading-edge  kink 
being  at  the  tnidchord  position.  From  the  velocity  and  total-pressure  distribution  measured  in  the  x  -  O.75co 
crossflow  plane  at  an  angle  of  attack  of  12  deg.  the  wing  vortex  appeared  to  be  of  about  the  same  size  as 
Che  strake  vortex.  They  found,  however,  that  in  this  plane  the  wing  vortex  was  already  stronger  than  the 
strake  vortex.  The  core  of  the  wing  vortex  remains  visible  up  to  the  trailing  edge.  Downstream  of  the 
trailing  edge  the  wing  and  sirake  vortex  have  merged  into  one  single  vortex  (fig.  8i).  Exactly  like  the 
flow  behind  model  I,  here  too  a  trailing  vortex  is  formed.  As  a  result  a  flow  pattern  is  obtained  which 
resembles  much  the  one  behind  the  delta  wing  model  (fig.  3b). 

For  model  II  vortex  breakdown  was  observed  at  23  deg.  angle  of  attack,  nmaely  downstream  of  the  trailing 
edge  at  x  *  l.Sc^.  For  a  60  deg.  swept  delta  wing  vortex  breakdown  has  been  observed  at  the  trailing  edge 
at  an  angle  of  attack  as  low  as  13  deg.  (ref.  1 7),  which  demonstrates  that  the  flow  over  the  wing  is 
stabilized  considerably  by  adding  the  strakes. 


3.2.2.  The  vortex  flow  at  various  angles  of  attack 

In  order  to  study  the  development  of  the  flow  with  angle  of  attack,  the  crossflow  above  and  behind  the 
model  has  been  observed  for  angles  from  10  to  25  deg..  Apart  from  differences  in  the  cross-sectional 
dimensions,  in  this  range  of  angles  of  attack  no  topological  changes  in  the  crossflow  structure  have  been 
noted.  The  position  of  the  strake  and  wing  vortex  core  has  been  determined  from  laser  light-sheet  photographs. 
The  coordinates  of  the  cores,  made  dimensionless  by  the  centerline  chord  cn  by  the  local  semi-span  s, 
are  presented  in  figs.  9  and  10  for  the  strake  and  wing  vortex,  separately.  As  :an  be  seen  in  these  figures, 
increasing  the  angle  of  attack  results  in  general  in  an  inboard  and  upward  displacement  of  the  vortices. 


3.2.3.  Leeward-surface  flow  pattern 

In  fig.  It  sketches  are  presented  of  the  oil-flow  pattern  on  the  leeward  surface  of  model  IX  for  5  to  25 
deg.  angle  of  attack. 

Above  the  strake  the  near-conical  vortex  flow  induces  the  well-known  skin-friction  line  pattern  which  is  also 
formed  above  a  slender  delta  wing.  The  pattern  changes  little  with  the  angle  of  attack  and  is  characterized 
by  straight  attachment  and  separation  lines. 

Downstream  of  the  leading-edge  kink  the  changes  with  angla  of  attack  are  larger.  At  5  deg.  angle  of  attack 
(fig.  I  la),  the  attachment  and  second ary- separation  lines  of  the  strike  and  wing  vortices  rsmain  clearly 
distinguishable  up  to  the  trailing  edge.  For  this  angle  the  strake  and  wing  vortices  apparently  remain 
too  weak  and  too  far  apart  to  induce  a  whirling  motion.  Between  the  strake  and  the  wing  vortex  the  skin- 
friction  line  pattern  shows  evidence  of  a  secondary  vortex.  Outboard  of  the  wing  vortex  there  are  also 
clear  markings  of  secondary  separation  from  the  leading-edge  kink  up  to  about  x  •  0.80co.  At  an  angle  of 
10  deg.,  the  wing  and  strake  vortex  have  been  observed  to  whirl  about  each  other.  The  stronger  wing  vortex 
displaces  the  strake  vortex  in  a  downward  and  spanwise  direction.  As  s  consequence,  at  some  distance  from 
the  leading-edge  kink  the  secondary-separation  line  of  this  vortex  can  be  seen  to  move  outwards  (fig.  I  lb). 
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Upstream  of  the  inflexion  point  of  this  separation  line  the  integral-sign  shaped  skin-friction  line 
regions  of  the  strake  and  wing  vortices  are  visible  separately.  Downstream  of  the  inflexion  point  these 
regions  have  merged  to  one  region  on  each  wing  half.  Outboard  of  the  secondary-separation  line  there  are 
markings  of  a  secondary  vortex.  In  the  range  of  ang'es  of  attack  from  10  to  25  deg.  the  following  changes 
can  be  identified  in  the  skin-friction  line  pattern.  An  increasing  angle  of  attack  leads  to: 

-  an  increase  of  the  distance  between  attachment  and  secondary-separation  line  due  to  increase  in  the 
strength  of  the  vortices, 

-  an  upstream  displacement  of  the  inflexion-point  in  the  secondary-separation  line. 

3.2.4.  Plow  structure  in  crossflow  plane 

Based  on  the  flow  visualization  results  the  position  of  the  vortex  cores  as  well  as  the  conjectured  shape 
and  position  of  the  free  shear  layers  are  presented  in  fig.  12  for  20  deg.  angle  of  attack  (the  scale  of 
the  figure  on  the  right-hand  side  is  larger  than  the  scale  of  the  figure  on  the  left-hand  side).  Since 
the  crossflow  structure  shoved  no  essential  changes  from  10  to  25  deg.  angle  of  attack,  this  figure  is 
considered  to  be  representative  for  the  crossflow  in  this  range  of  angles  of  attack. 

The  streamline  pattern  in  a  crossflow  plane  of  the  strake  is  assumed  to  be  similar  to  the  pattern  sketched 
in  fig.  7  for  delta  wing  model  1. 

The  position  of  the  shear  layers  as  well  as  the  conjectured  streamline  pattern  of  the  crossflow  plane  at 
x  -  0.625co  has  been  sketched  in  fig.  13  for  one  wing  half .This  streamline  pattern  is  entirely  topological, 
the  sizes  of  the  vortices  are  not  meant  to  indicate  their  relative  strength.  Consistent  with  the  flow 
visualization  results,  a  strake,  wing  and  secondary  vortex  has  been  drawn.  This  pattern  yields  6  nodes 
for  the  entire  crossflow  (£#  ■  6).  Between  the  wing  and  strake  vortex  a  saddle  point  is  hypothesized. 

On  the  wing  surface  there  is  an  equal  number  of  half-saddle  points  of  attachment  and  of  separation.  This 
streamline  pattern  satisfies  topological  rule  no.  3  of  ref.  13. 

At  20  deg.  angle  of  attack  an  attachment  line  is  located  at  the  centerline  of  the  wing  leeward  surface 

(fig.  lid).  At  15  deg.  and  below,  two  attachment  lines  can  be  detected  near  the  centerline  (figs.  11a  to  c). 
This  indicates  that  the  central  part  of  the  wing  surface  is  affected  by  attached  streamwise  flow. 

In  the  crossflow  streamline  pattern  at  high  angles  of  attack  a  saddle-point  has  been  conjectured  above  the 
wing  centerline  (fig.  13).  With  decreasing  angle  of  attack  this  saddle  point  approaches  and  eventually 
coincides  with  the  half-saddle  point  of  attachment  at  the  centerline  of  the  leeward  surface.  Based  on  the 
surface  oil-flow  patterns,  at  15  deg.  and  below  both  saddle  points  are  replaced  by  a  half-saddle  point  of 
separation  (at  the  wing  centerline)  and  two  half-saddle  points  of  attachment. 

The  crossflow  pattern  for  5  deg.  angle  of  attack  has  been  sketched  in  fig.  14.  At  this  low  angle  the 

strake  and  wing  vortices  do  not  whirl  about  each  other  and  between  these  vortices  there  is  evidence  of 

secondary  separation.  It  is  conjectured  here  that  the  wing  vortex  is  no  longer  connected  to  the  strake 
vortex,  both  vortices  are  assumed  to  be  single  branched. 

The  flow  on  the  windward  side  of  the  models  has  not  been  visualized  during  the  present  investigation.  It 
may  be  possible  that  at  low  angles  of  attack  the  streamline  pattern  on  this  side  of  the  model  is  different 
from  the  one  sketched  in  fig.  14.  At  very  low  angles  of  attack  it  can  namely  be  expected  that  the  central 

part  of  the  wing  surface  is  affected  by  strearawiae  attached  flow,  while  near  the  leading  edges  the  flow 

is  directed  outwards.  This  would  result  in  a  half  node  at  the  wing  centerline  and  a  half-saddle  point  of 
attachment  on  each  wing  half.  More  evidence  about  this  will  be  obtained  in  a  future  investigation. 

In  fig.  12  a  rather  complicated  shape  for  the  free  shear  layer  of  the  strake  vortex  is  conjectured  down¬ 
stream  of  the  x  -  0.8125co  chordwise  station.  Here,  the  laser  light-sheet  flow  pictures  lack  sufficient 
resolution  to  be  of  much  help.  Near  the  trailing  edge  it  is  presumed  that  through  viscous  diffusion  a 
region  of  continuously  distributed  vorticity  is  formed  which  encompasses  the  inner  loops  of  the  free 
shear  layer  of  both  the  wing  and  strake  vortex. 

It  should  be  remarked  here,  that  although  the  visualization  of  the  flow  has  been  of  great  help  to  obtain 
a  first  insight  into  the  complicated  structure  of  the  flow  over  model  II,  further  experimental  investiga¬ 
tion  of  the  pressure  and  velocity  distribution  in  crossflow  planes  is  needed  to  support,  correct  and 

extend  the  flow  topology  conjectured  above. 

3.3.  Double-delta  wing  model  III 

3.3.1.  Streamwise  development  of  the  vortex  flow  at  a  »  20  deg. 

In  fig.  15  the  results  of  the  laser  light-sheet  visualization  of  the  flow  over  model  III  are  shown  for  an 
angle  of  attack  of  20  deg. 

Above  the  strake  (fig.  15a)  the  two  shear  layers  are  visible  which  emanate  from  the  strake  leading  edges. 

At  a  short  distance  downstream  of  the  kink  (figs.  15b  and  c)  the  crossflow  structure  is  quite  similar  to 
that  above  model  II  (figs.  8b  and  c).  Because  of  the  reduced  leading-edge  sweep  the  wing  vortex  above 
model  III,  however,  is  weaker  and  farther  apart  from  the  strake  vortex.  As  a  consequence,  there  is  less 
interaction  between  both  vortices.  The  wing  vortex  is  again  a  double-branched  vortex  embedded  in  the 
shear  layer  from  the  wing  leading  edge.  An  important  difference  with  the  flow  over  model  II  is  that  now 
the  wing  and  strake  vortices  break  down  above  the  model  at  about  x  ■  0.70co  and  0.74cOt  respectively 
(figs.  16  and  17).  Downstream  of  the  vortex  breakdown  point  the  vortex  core  expands  radially  and  becomes 
highly  turbulent.  Hummel  (ref.  2)  and  Anders  (ref.  18)  have  measured  a  considerable  reduction  of  the  flow 
velocity  in  the  core  downstream  of  the  bursting  point.  Even  reverse  axial  flow  was  observed.  At  constant 
angle  of  attack  the  vortex-breakdown  point  above  model  III  not  always  remained  at  the  same  x-position,  but 
was  observed  to  fluctuate  within  a  region  of  about  5  per  cent  c0.  Due  to  this  instability  the  breakdown 
of  the  wing  or  of  the  strake  vortex  not  always  took  place  at  the  same  location  above  the  right  and  left 
wing-half.  At  high  velocity  and  angle  of  attack  the  vortex  breakdown  gave  rise  to  high-frequent  vibrations 
in  model  III  and  its  suspension.  To  avoid  this,  the  free-stream  velocity  for  this  model  had  to  be  reduced 
to  30  m/sec.  Subsequently,  this  was  the  velocity  chosen  for  all  three  models  used  for  the  present 
investigation. 

3.3.2.  Vortex  flow  at  various  angles  of  attack 

Identical  to  the  other  two  models,  from  10  to  25  deg.  angle  of  attack  no  significant  changes  with  angle  of 
attack  have  been  observed  in  the  structure  of  the  crossflow.  A  few  observations  were  also  made  at  5  deg. 
angle  of  attack.  At  this  angle  the  vortices  are  weak  and  very  close  to  the  surface  of  the  model.  For  this 
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situation  the  laser  light-sheet  technique  does  not  provide  sufficient  resolution  to  indicate  whether  the 
wing  vortex  is  still  connected  to  the  shear  layer  of  the  strake  vortex.  It  can  be  imagined  that  the 
distance  between  these  vortices  is  so  large  that  no  interaction  will  take  place. 

The  average  breakdown  position  of  both  the  strake  and  wing  vortex  is  presented  in  fig.  1 7.  In  general,  the 
wing  vortex  breaks  down  earlier  than  the  strake  vortex.  The  breakdown  of  the  strake  vortex  night  possibly 
be  induced  by  disturbances  due  to  the  breakdown  of  the  wing  vortex  further  upstream.  The  distance  between 
the  breakdown  points  of  both  vortices  decreases  with  increasing  angle  of  attack. 

From  the  laser! ight-sheet  photographs  the  position  of  the  vortex  cores  has  been  determined.  The  coordinates 
of  the  vortex  cores,  made  dimensionless  by  the  centerline  chord  c 0  or  by  the  local  semi-span  s,  are 
presented  in  figs.  18  and  )9  for  the  strake  and  wing  vortex,  respectively.  Increasing  the  angle  of  attack 
displaces  the  vortices  inboard  and  upwards.  The  wing  vortex  is  affected  most. 

3.3.3.  Leeward-surface  flow  pattern 

The  surface  oil-flow  pattern  at  the  leeward  side  of  model  III  has  been  sketched  in  fig.  20  for  angles  of 
attack  from  5  to  25  degs.  Just  like  the  other  two  models  the  forward  half  of  model  III  shows  clear  evidence 
of  a  nearly  conical  flow.  Downstream  of  the  leading-edge  kink,  at  5  and  10  deg.  angle  of  attack  (figs.  20a 
and  b) ,  the  strake  and  wing  vortices  can  individually  be  distinguished  from  the  kink  up  to  the  trailing 
edge.  Since,  compared  to  the  higher  swept  model  II,  the  strake  and  wing  vortices  are  weaker  and  at  a  greater 
distance  from  each  other,  these  vortices  remain  individually  distinguishable  up  to  a  larger  angle  of  attack 
than  was  the  case  for  model  II.  At  5  deg.  angle  of  attack  secondary  separation  of  these  vortices  is  clearly 
marked  up  to  approximately  the  x  •  0.70co  chordvise  station,  and  up  to  the  trailing  edge  at  10  deg..  At 
15  deg.  (fig.  20c)  after  a  short  distance  downstream  of  the  kink  the  integral-sign  shaped  line-pattern 
induced  by  the  strake  vortex  becomes  tangent  to  the  integral-sign  shaped  line-pattern  induced  by  the  wing 
vortex.  This  indicates  that  between  these  two  vortices  no  adverse  pressure  gradient  is  present  in  a  span- 
wise  direction  to  cause  secondary  separation.  Downstream  of  the  x  ■  O.73c0  chordvise  station  vortex  break¬ 
down  occurs  of  first  the  wing  vortex  and  then  the  strake  vortex  (fig.  17).  Both  vortices  eventual lv  merge 
into  one  single  vortex  with  a  big  turbulent  core.  This  vortex  induces  long  integral-sign  shaped  lines  in 
a  lateral  direction  and  is  responsible  for  the  outboard  shift  of  the  secondarv-separat ion  line  towards 
the  leading  edge.  From  15  deg.  angle  of  attack  (figs.  20c  to  e),  the  region  between  attachment  and  secon¬ 
dary-separation  line  widens  with  increasing  angle  of  attack  due  to  upstream  movement  of  the  vortex  break¬ 
down.  At  15,  20  and  25  deg.  angle  of  attack,  just  outboard  of  the  secondary  separation  line  there  is  a 
region  where  oil-flow  is  accwulated .  This  region  moves  upstream  with  increasing  angle  of  attack  and  is 
largest  and  clearest  at  20  deg.  It  is  conjectured  here  that  this  region  consists  of  a  saddle-point/focus 
combination,  sketched  on  a  larger  scale  in  fig.  20d,  and  that  it  is  connected  with  the  occurence  of 
vortex  bursting. 

3.3.4.  Flow  structure  in  crossflow  plane 

In  fig.  21  the  position  of  the  vortex  cores  and  the  free  shear  layers  are  presented  for  20  deg.  angle  of 
attack.  This  figure  is  based  on  the  flow  visualization  results  of  figs.  15  and  20. 

Above  the  strake  the  crossflow  streamline  pattern  is  assumed  to  be  similar  to  that  above  the  delta  wing 
model  (fig.  7). 

At  low  angles  of  attack  a  single-branched  strake  and  wing  vortex  with  secondary  separation  is  conjectured 
yielding  a  crossflow  streamline  pattern  similar  to  fig.  14.  Frcm  10  deg.  angle  of  attack  the  strake  and 
wing  vortices  have  been  observed  to  be  connected  to  each  ocher.  At  10  deg.  both  vortices  still  induce 
a  separate  secondary  vortex.  In  fig.  22a  the  crossflow  streamline  pattern  for  this  angle  has  been  drawn. 

From  15  to  25  deg.  angle  of  attack  only  one  secondary  vortex  can  be  identified  on  each  wing  half  (fig. 

20c  to  e)  so  that  a  streamline  pattern  is  obtained  as  sketched  in  fig.  22b.  Both  patterns  presented  in 
fig.  22  satisfy  the  third  topological  rule  of  ref.  13. 

4.  FORCE  AND  MOMENT  COEFFICIENTS 


The  lift,  drag  and  pitching-moment  coefficients  of  the  three  models  used  for  the  present  investigation 
are  presented  in  figs.  23a  to  c.  At  zero  angle  of  attack  the  lift  has  a  negative  value  because  the  models 
are  not  symmetric  with  respect  to  the  z  -  0  plane  (fig.  I)  and  effectively  have  slight  negative  camber. 
Since  the  aspect  ratio  of  model  II  and  III  is  larger  than  that  of  model  I,  these  models  exhibit  a  larger 
lift  curve  slope  at  the  zero-lift  angle  of  attack.  It  is  evident  from  fig.  23a  that  model  II  produces  more 
non-linear  lift  than  model  III  because  of  the  stronger  wing  vortices  and  because  a  larger  part  of  the  wing 
is  affected  by  vortex  flow.  For  model  III  vortex  breakdown  of  both  the  strake  end  wing  vortex  (fig.  17) 
causes  the  reduction  of  its  lift  curve  slope  at  about  13  deg.  angle  of  attack.  The  influence  of  vortex 
breakdown  is  also  visible  on  the  drag  curve  (fig.  23b).  The  pitching  moment  in  fig.  23c  is  taken  relative 
to  the  x  -  0.5co  position.  Both  double-delta  wing  models  exhibit  a  larger  pitch-down  moment  than  the  delta 
wing.  Vortex  breakdown  on  model  III  reduces  the  moment  coefficient  because  of  the  reduced  effectiveness  of 
the  vortex  flow  on  the  rear  part  of  its  wing. 

5.  CONCLUSIONS 

-  Insight  into  the  vortex  flow  about  sharp-edged  delta  and  double-delta  wing  models  has  been  obtained  using 
both  a  laserl ight-sheet  and  an  oil-flow  visualization  technique. 

-  The  present  investigation  indicates  that  Che  flow  above  the  double-delta  wings  at  5  deg.  angle  of  attack 
consists  of  single-branched  strake  and  wing  vortices.  From  10  to  25  deg.  angle  of  attack,  the  flow 
consieta  of  single-branched  strake  vortices  and  of  double-branched  wing  vortices  which  are  embedded  in 
the  shear  layer  from  the  leading  edge.  In  this  range  of  angles  of  attack  tha  flow  pattern  downstream 

of  the  76/60  deg.  double-delta  wing  ia  similar  to  that  behind  a  simple  delta  wing.  Above  the  76/40  deg. 
double-delta  wing  breakdown  of  the  wing  and  straka  vortices  takes  place  ahead  of  the  trailing  edge. 

-  To  support  further  investigation  of  the  vortex  flow  detailed  measurements  of  the  pressure  and  velocity 
distribution  of  the  flow  fields  about  these  models  will  be  needed. 


i 
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RESUME 

Pour  l'dtude  des  dcoulements  tridimensionnels  d  caractdre  tourbillonnaire ,  la  viaualisat ion  s'avdre  non 
seulement  utile,  rnaia  bien  souvent  indispensable  pour  permettre  de  comprendre  des  phdnomdnea  gdndralement 
complexes,  pour  completer  ou  limiter  les  mesures  effectudea  en  aoufflerie  parfois  delicate*  5  interpreter, 
enfin  pour  guider  lea  calculs  nuradriques  en  leur  foumissant  les  elements  physiques  de  contrdle. 

Que  ce  soit  au  cours  d'une  recherche  fondamentale  ou  d'une  etude  d  caracthre  applique,  une  visualisation 
adrodynsmique  ou  hydrodynamique  peut  dans  ces  conditions  foumir  le  schema  tourbillonnaire  qui  caracterise 
le  phdnotndne,  ainsi  que  son  evolution  en  fonction  des  paramdtres  definissant  1 'ecoulement ,  I'attitude  et 
la  forme  gdorodtrique  du  module. 

Cet  expose  tente  de  passer  en  revue  les  principaux  types  de  tourbillons  concentres  que  I'on  peut 
observer  ainsi  en  regime  permanent  ou  en  ecoulement  instationnaire ,  tels  qu'ils  ont  pu  etre  visualises  en 
tunnel  hydrodynamique,  en  aoufflerie,  et  radme  en  vol. 


SUMMARy 


VISUALIZATION  OF  VORTICAL  WE  FLOWS  IN  THREE  DIMENSIONS 


For  the  study  of  the  three-dimensional  vortex  flows,  visualization  is  not  only  useful  t  but  often 
indispensable  for  understanding  generally  complex  phenomena,  for  completing  or  limiting  the  measurments  in 
wind  tunnels  (at  times  difficult  to  interpret)  and  finally  for  guiding  the  numerical  calculations  with  phy¬ 
sical  control  elements. 

In  both  fundamental  research  and  applied  studies,  one  aerodynamic  or  hydrodynamic  visualization  can, 
under  these  conditions,  give  the  vortical  flow  patterns,  which  characterize  the  phenomenon,  as  well  as  the 
evolution  as  a  function  of  the  parameters  defining  the  flow,  the  position  and  the  geometrical  shape  of  the 
model . 

This  paper  attempts  to  give  a  review  of  the  principal  types  of  concentrated  vortices,  which  have  been 
observed  in  steady  or  unstedy  flows,  as  visualized  in  water,  windtunnel  and  even  in  flight. 


J  -  INTRODUCTION  - 

11  est  inddniable  que  les  dcoulements  tourbi 1 lonnai res  ne  sont  pas  seulement  une  curiositd  scientifique , 
dont  le  cfltd  esthdtique  ne  manque  pas  de  fasciner  la  plupart  d'entre  nous,  mais  reprdsentent  un  des  phdno- 
m&nes  essentielf  de  la  dynamique  des  fluides.  Leur  importance  ddpasse  le  cadre  adrotpatial  qui  nous  intd- 
resse  et  ddborde  mdme  les  limites  de  la  mdcsnique  des  fluides  que  peut  controller  l'dtre  humain,  car  c'est 
l'atmosphdre  terrestre  toute  entidre  qui  subit  leurs  lois  et  parfois  leurs  contraintes  (fig.la-c)  111. 

La  formation  des  zones  tourbil lonnai res,  leurs  offets  et  instability* ,  et  jusqu'd  leur  ddsorganisat  ion  plus 
ou  moins  rapide  font  depuis  longtemps  l’objet  de  norobreuse*  dtudes  qui  se  poursuivent  d  not  re  dpoque  avec 
la  mise  en  oeuvre  de  moyens  thdoriques  et  experiment aux  sans  cease  plus  nombreux,  puissants  et  rafinds.  La 
visualisation,  qui  permet  une  observation  directe  des  phdnontdnes,  a  souve.it  dtd  un  des  premiers  procddds 
utilisd  pour  aborder  de  telles  dtudes.  C'est  d'ailleura  bien  souvent  la  nature  elle-mdme  qui,  visualisant 
ses  propres  tourbillons,  a  suggdrd  h  l'homme  1'emploi  de  traceurs  :  poussidrea  ou  feuilles  mortes  vire- 
voltant  dans  le  vent  ou  flottant  sur  l'eau,  fumdes,  condensations  d'humiditd  et  mdme  nuages  dans  le  ciel  ; 
ces  traceurs  one  trds  vite  attird  l 'attention  sur  les  zones  tourbi 1 lonnai res  :  trombes  se  ddplaqant  d  la 
surface  terrestre,  malstrom  (fig.lc)  se  produisant  dans  l'eau,  etc.  A  notre  dpoque,  des  vues  prises  par 
satellite  ont  confirmd  1 'importance  des  cyclones  (fig.  lb)  et  des  sillages  tourbillonnaires  (fig. la),  phd- 
nomdnes  tridioensionnels  qui  sont  &  l'dchelle  de  notre  plsndte  et  contre  lesquels  l'homme  reste  impuissant. 

Dans  son  activitd  propre,  l 'home  n'a  pas  manqud  d'dtre  d  l'origine  de  phdnomdnes  tourbillonnaires  du  mdme 
type,  et  parfois  moins  souhaitablea  (champignon  atomique),  il  en  est  ainsi  avec  les  sillages  de  ses  construc¬ 
tions  fixes  (ponts,  inmeubles,  tours,  chemindes,  torchdres. . . . )  et  avec  les  ddcollements  sur  ses  structures 
mobiles  (vdhicules,  sous-marins,  avions,  hdlicoptdres ,  engine,....). 


Dans  le  domaine  adroapatial  qui  nous  concent ,  la  visualisation  est  devenue  une  discipline  d  part  entidre 
avec  la  erdation  d ' install at iona  d'essai*  spdcifiques  aussi  bien  dans  l'air  que  dans  l'eau.  File  a  donnd 
naissance  d  une  grande  varidtd  de  mdthodes  qu'il  n'est  paa  possible  de  passer  en  revue  dans  le  cadre  de  cet 
exposd.  Enfin  ton  champ  d' application  ne  cease  de  s'dtendre  dans  toutea  lea  directions  :  des  moddles  les 
plus  simples  (ex.cylindre)  aux  maquettes  les  plus  complexes  (ex.hdlicoptdre) ,  de  la  surface  du  moddle 
jusqu'd  son  tillage  lointain,  dea  angles  d'attaque  faibles  aux  plus  dlevds,  du  vol  au  point  fixe  au  vol 
hypersonique,etc. . . 


Quend  1  'ad rodynamique  s'aventure  dans  cea  conditions  extrdm* 
litd  des  avion# ,  le  contrdle  des  engins ,  la  sdcuritd  du  vol, 
visualisation  peut  alors  souvent  epporter  son  aide  efficace 


a  ou  difficile*,  il  ivporte  que  la  manoeuVTabi- 
la  rdduction  dea  nuisances  soient  aasurdea.  La 
d  1 'analyse  des  phdnomdne*  tourbillonnaires 
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qui  caractEriscnt  ces  cas  Unites. 

II  n'est  paa  possible  de  faire  ici  une  synthtse  complete  sur  un  aujet  auaai  vaate,  aussi  le  present  expose 
va  se  limiter  au  domaine  inconpreasible .  II  commence  par  un  bref  rappel  dea  techniques  experiment  ales  raises 
en  jeu,  avec  la  description  de  quelques  install  at  ions  types  consacrEes  easentiellement  &  la  visualisation, 
et  cathodes  de  visualisation  par  traceurs  qui  y  sont  pratiquEes.  Le  lecteur  intEressE  trouvera  dans  une 
rEcente  Lectures  Series  AGARD  [21  une  revue  plus  dEtaillEe  et  plus  cooq>lEte  sur  ce  sujet  avec  de  nombreuses 
rE  fErences. 

La  suite  de  1'exposE  tente  d'analyser  b  l'aide  d'exemples  variEs  ::  lea  principaux  types  de  tourbillons  que 
1 1 on  peut  observer  dans  lea  Ecoulements  tridimensionnels. 

2  -  RAPPELS  COHaWAHT  LES  TECHNIQUES  EXPERIMENT  Al£S  - 

2.1  -  E66&L&  dam  VaiA  - 

Dans  le  cadre  de  leur  activity  normalement  consacrEe  aux  mesures  (efforts,  pression  etc...),  la  plupart  des 
souffleries  classiques  effectuent  aussi  des  visualisations  d' Ecoul  einent .  Les  mEthodes  qu'elles  utilisent  [3] 
ont  fait  l*objet  de  raises  b  jour  rEcentes  [4]t  pami  lesquelles  on  note  plus  particuliErement  celle  de 
T. MUELLER  [5],  qui  a  1'UniversitE  de  Notre  Dane  dispose  d' installations  particul iErement  adaptEes  &  la  visua¬ 
lisation  b  l'aide  de  fumEe  (souffleries  b  grand  coefficient  de  contraction  et  &  faible  taux  de  turbulence, 
rampes  d'Emissions  de  fun^e,  etc....). 

Les  furores  gEnEralement  blanches  sont  obtenues  A  l'aide  de  gEnErateurs  ou  de  "smoke  wire"  b  partir  de  tita¬ 
nium  tetrachloride  (J.K. HARVEY  :  fig. 5m),  de  kErosEne  (fig. 11a),  de  vapeur  d'huile  [6](fig.  lie)  ou  d'eau 
condensEe  par  de  l'azote  liquide  £ 7 1 ( f ig . 5an) .  Une  visualisation  tomo graph i que  des  Ecoulements  peut  alors 
€ t re  rEalisEe  b  l'aide  d'un  Eclairage  par  faisceau  laser  plan  [8],  permettant  d'obtenir  par  exemple  des 
coupes  transversales  (fig. 5a)  ou  longitudinales  (fig.5n)  du  noyau  du  tourbillon  d'extrados  d'une  aile  delta 
mince  avec  incidence.  Sous  l'effet  de  forces  centrifuges,  l'axe  du  noyau  en  amont  de  son  Eclatement  reste 
vide  de  fumEe  et  apparait  en  noir  sur  les  cliches.  Gr3ce  b  un  laser  impulsionnel  (durEe  :  15  ns),  ce  pro- 
cEdE  peut  Etre  utilise  mEoe  en  regime  instationnaire  et  fait  apparaftre  prEsentement  la  structure  du  noyau 
EclatE  (fig.5n). 

Dans  la  pratique,  une  bonne  visualisation  de  phEnomEnes  tourbi llonnaires  tridimensionnels  reste  toujours 
delicate,  que  l'on  precede  avec  une  rampe  d'Emission  de  fumEe  amont  errant  son  propre  sillage  ou  que  la 
fumEe  soit  Emise  directeraent  b  partir  du  module.  D'  autre  part,  ce  procEdE  reste  ponctuel  et  ne  peut  couvrir 
1' ensemble  du  champ  aE rodynaraique . 

D'  aut  res  types  de  visualisation  peuvent  Etre  briEvement  rappelEs  ici  : 

-  les  Ecoulements  pariEtaux  [9)  visualises  par  des  emissions  continues  de  liquide  colore  b  la  surface  des 
maquettes  ou  par  des  enduits  visqueux  deposes  avant  cheque  essai  (fig. 5b). 

-  une  methode  originale,  celle  du  Dr.  CROWDER  de  BOEING  [10]  traduit  en  points  lumineux  de  differentes  cou- 
leurs  un  Bondage  de  pression  totale  effectue  dans  un  plan  transversal  derriEre  le  module  et  fait  apparattre 
ainsi  sans  traceurs  le  sillage  tourbillonnaire  d'une  aile  munie  de  volets  de  courbure  (fig. 3c). 

Un  autre  type  d' installation  fonctionnant  dans  l'air  est  le  remarquable  canal  de  la  NASA  b  Langley  (fig.lef). 
11  s'agit  d'une  tranchEe  rectiligne  couverte  longue  de  550  m  dans  laquelle  se  dEplace  une  maquette  suspendue  b 
une  balance  et  entrainEe  par  un  chariot  jusqu'E  une  vitesse  de  30  m/s  en  palier.  Dans  ce  canal  (section  :  5,5m 
x  4,3m)  ,1a  visualisation  peut  fitre  assurEe  par  un  rideau  de  furore  dense,  Emis  prEalabletnent  et  couvrant  la 
totality  du  champ  EtudiE.  Cette  installation  perrnet,  comne  on  le  verra  plus  loin,  de  simuler  correctement  le 
sol  et  d'Etudier  le  sillage  lointain  du  modEle. 

II  reste  enfin  b  mentionner  les  visualisations  faites  au  cours  d'essais  en  vol,  le  plus  souvent  loin  du  sol 
et  nEcessitant  alors  un  Emetteur  de  fumEe  haubannE  et  de  grande  hauteur  (fig. Id).  Ce  dernier  assure  une  dis¬ 
tribution  de  fumEe  avant  et  pendant  le  passage  de  l'avion,  mais  gEnEralement  perturbEe  par  la  presence  du 
vent. 

Enfin,  lea  avions  experiment aux  sont  rarement  EquipEs  d'Emetteurs  de  fumEe,  et  cherchent  le  plus  souvent  2 
profiter  de  la  condensation  de  1'humiditE  atmosphErique  pour  obtenir  une  visualisation  des  tourbillons 
( fig. 6fg) . 

2.2  -  E66clU  danb  V  aau  - 

Comme  pour  les  essais  dans  l'air,  on  peut  distinguer  les  raSraes  types  d' installations  : 

-  les  bassina  A  surface  libre  gEnEralement  sans  circulation  d’eau  et  dans  lesquels  se  dEplace  la  maquette 
entrafnEe  par  un  chariot,  comne  celui  de  la  D. F, V.L.R. /AVA  b  Gottingen  [1 1 ]( fig. lg) ; 

-  les  tunnels  hydrodynamiques ,  1 'Equivalent  des  souffleries,  pour  lesquels  il  existe  de  nombreuses  variantes 
suivant  la  disposition  verticale  ou  horicontale  de  la  veine,  la  fe nocture  ou  non  du  circuit,  le  mode  de 
tsotorisation  etc.,  (voir  [2]). 

Rappelons  ici  que  les  3  tunnels  Equipant  le  nouveau  laboratoire  hydrodynamique  de  I'ONERA  [ 1 2 )( fig. 12a)  sont 
uerticaux  en  circuit  ouvert  et  fonct ionnent  par  vidange  sous  l'effet  de  la  gravitE. 

Pour  assurer  la  visualisation  des  Ecoulements  dans  l'eau,  on  utilise  le  plus  souvent  des  traceurs  (13, 1M 
liquides  ou  gaseux  : 


:Oquelques  examples  ont  EtE  groupEs  dans  le  film  ON  ERA  1071  prEsentE  en  cours  de  sEance  . 
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-  colorants  ordinaire*  ou  fluorescent*,  de  mimes  densitl  et  viscositl  que  I'eau,  Inis  k  partir  des  maquettes, 
ou  encore  k  l'aide  d'une  rampe  araont  qui  introduit  inivit ablement  son  propre  tillage  ;  k  I'ONERA,  nous  avons 
adopts  depuis  quelque  temps  le  rhodorsil  dilul,  laulsion  blanche  et  stable  qui  se  mllange  facilement  k  I'eau 
et  aux  different*  colorants,  grice  auxquels  on  peut  distinguer  le  sens  de  l ‘enroulement  des  filets  des  tour- 
billons  (fig.  12  et  13). 

D' autre  part,  les  circuits  d'lmission  sont  contrdlls  individuel lament  par  des  robinets  assurant  un  rlglage 
prlcis  du  dibit  du  colorant  k  chaque  instant  ;  dans  ces  conditions,  un  arrlt  progressif  des  Emissions  permet 
d'obtenir  des  visualisations  pariltales  (par  exesq>le  fig.9n).  Dans  le  cas  des  Icoulements  tourbi 1 lonnaires ,  la 
difficult*  principale  rlside  surtout  dans  le  choix  de  la  bonne  position  des  orifices  d'lmitsion  devant  visual i- 
ser  l'axe  et  les  filets  hllicoidaux  des  tourbillons  (fig.  2ac)  et  si  possible  convenir  pour  toute  une  game 
d‘ incidences  et  de  nombres  de  Reynolds  d'essai  ; 

-  bulles  d'air  en  suspension  dans  I'eau  et  obtenues  k  l'aide  d'un  agent  Imulsionnant  introduit  au  moment  du 
retnplissage  du  rlservoir  (procldl  ONERA).  Eclairles  par  un  faisceau  plan  de  faible  Ipaisseur,  les  bulles 
d'air  prlcisent  1' allure  de  1 'IcouJement  dans  une  tranche  longitudinals  (fig. 2b)  ou  transversale  et  situle 
au  bord  de  fuite  du  module  (fig.2e)  ou  en  aval  de  ce  dernier  (fig.2f).  Sur  certaines  maquettes,  elles  per- 
mettent  aussi  de  visualiser  l'lcoulement  pariltal  (fig. Sc).  Notons  ici  que  contrairement  k  ce  que  l'on 
observe  pour  la  futnle  dans  I'air,  les  bulles  d'air  contenues  dans  le  noyau  d'un  tourbillon  intense  tendent , 
sous  l'effet  des  forces  centripltes  venir  a'accunuler  le  long  de  l'axe  qu'elles  visualisent  ainsi  (fig. 2d) 
jusqu’au  point  d'lclatement  (fig.6e); 

-  bulle  d'hydroglne  obtenues  par  llectrolyse  [IS]  et  utilisles  notansnent  quand  on  veut  Iviter  toute  pollution 
dans  un  bassin  sans  circulation  d'eau  (fig.7ab),  ou  lorsque  l'on  veut  limiter  la  visualisation  au  seul  phl- 
noolne  Itudil,  soit  par  exemple  k  la  nappe  enroulle  en  "comet"  au-dessus  d'une  aile  delta  en  incidence 
(fig.Sfgh). 

11  reste  k  mentionner  ici  quelques  cuves  splcialement  conques  pour  l'ltude  des  tourbillons,  disposant  d'un 
convergent  annulaire  k  aubes  produisant  un  courant  hllicoldal  de  pas  rlglable  dans  une  veine  circulaire. 

Ce  courant  reprlsente  le  noyau  et  peut  Itre  soumis  k  un  gradient  de  prestion  antagoniste,  la  visualisation 
Itant  assurle  par  des  Emissions  de  colorant  [16  ~  21 ]( fig. 6a). 

3  -  PP1NC1PAUX  TYPES  VE  TOURBI L LOUS  OBSERVES  - 

3. 1  -  TouAb-ittons  maAginaux  - 

Le  cas  classique  [22  -  23]  du  tourbillon  marginal  qui  se  dlveloppe  le  long  du  saumon  d'extrlmitl  d'une  aile 
rectangulaire  isolle  en  incidence  est  illustrl  par  les  visualisations  (fig.2a-f)  obtenues  au  tunnel  ONERA 
TH2  dans  le  cas  d'un  profil  NACA  0012  placl  &  12°, S  d'incidence  : 

-  k  faible  Reynolds,  les  colorants  (fig. 2a)  mettent  en  Ividence  la  structure  hllicotdale  des  filets  consti¬ 
tuent  le  noyau  du  tourbillon,  tandis  que  les  bulles  d'air  (fig. 2b)  prlcisent  ses  dimensions  et  mime  la 
pente  des  filets  hllicotdaux  dans  une  coupe  longitudinale  passant  par  l'axe  du  tourbillon,  ainsi  que  la 
trajectoire  du  noyau,  qui,  en  1' absence  de  gradient  antagoniste,  reste  organisl  loin  derrilre  la  voilure; 

-  k  Reynolds  llevl,  si  la  structure  hllicotdale  des  filets  ne  peut  Itre  dlcelle  qu'au  voisinage  de  I'origine 
du  tourbillon  en  raison  de  la  rapide  diffusion  du  colorant,  on  note  que  le  colorant  qui  alimente  l'axe  du 
tourbillon,  demeure  cependant  plus  dense  que  dans  le  reste  du  noyau  turbulent  (fig. 2c).  Dans  ce  noyau,  les 
bulles  d'air  les  plus  grosses  s ' accumulent  sur  l'axe  (fig. 2d)  sous  l'effet  des  forces  centripltes  et  on  les 
retrouve  dans  les  coupes  transversales  (fig.2ef). 

Ces  coupes  peuvent  Itre  rapprochles  de  celles  obtenues  k  l'aide  de  fumle  au  canal  alrodynamique  de  la  NASA 
derrilre  une  maquette  de  monoplan  en  incidence  (fig.2g).  Enfin  une  comparaison  avec  un  avion  riel  Ivoluant 
prls  du  sol  peut  Itre  faite  grSce  k  une  visualisation  inattendue  obtenue  avec  un  monoplan  agricole  coranenqant 
une  vaporisation  d' insecticide  (fig.2h)  [1].  Un  deuxilme  exemple  est  celui  d'un  petit  avion  de  la  NASA  traver¬ 
sal  un  rideau  de  fixnle  (fig. 2  ij).  Sur  toutes  ces  visualisations,  la  fumle  precise  au  passage  de  1 'avion  la 
position  de  l'axe  du  noyau  et  l'enrou lenient  de  la  nappe  marginale. 

Mais  le  tourbillon  d'extrlmitl  d'une  aile  d'avion,  et  plus  particulilrement  quand  il  g'agit  de  celle  d’un 
avion  de  transport  en  configuration  d' atterrissage ,  n'est  glnlralement  seul  :  en  effet,  chaque  extrlmitl 
libre  de  volet  de  courbure  braqul  donne  naissance  k  son  propre  tourbillon  marginal  et  des  interactions  se 
produisent  entre  tous  ces  tourbillons,  dont  on  retrouve  la  trace  dans  le  sillage. 

Un  premier  exemple  de  ce  type  obtenu  au  tunnel  ONERA  TH1  concern*  une  maquette  de  1 'Airbus  (fig. 3a)  et  son 
propre  sillage  (fig. 3b),  dont  on  retrouve  l'exacte  image  dans  les  sondages  de  pression  totale  derrilre  une 
configuration  similaire  chet  BOEING  (procldl  du  Dr. CROWDER)  [ \ 0 ] ( f ig. 3c) . 

Les  visualisations  par  fumle  obtenues  au  canal  de  la  NASA  (Langley)  avec  une  maquette  de  BOEING  747  confir- 
ment  le  schlma  tourbi llonnai re  multiple  du  proche  sillage  (fig. 3d),  mais  rlvtle  en  outre  son  Ivolution  k 
l'aval,  caractlrisle  psr  un  mouvement  de  rotation  des  difflrents  tourbillons  issus  de  chaque  aile  (fig.3efg) 
et  leur  concentration  finale  en  deux  groa  tourbillons  contrarotatifs  (fig. 3  hij).  On  ssit  que  Is  formation 
et  la  persistance  de  groa  tourbillons  de  ce  type  prlsente  un  vlritable  danger  dans  les  alroports  k  trsfic 
intense. 

3. 2  -  TouAbitlonk  d'aUlii  en  jlichz  - 

Alors  que  l'lcoulement  qui  dlcolle  sur  une  aile  de  faible  flfeche  ( <£>  *  30*)  placle  k  20®  d'incidence  ne  prl¬ 
sente  pas  de  caractlre  tourbi llonnai re  organisl  en  dehors  de  son  tourbillon  aurginal  (fig. 4a),  sur  une  aile 
en  fllche  accentule  ■  60®)  com  l'aile  cylindrique  Iquiple  d’un  profil  symltriqu#  ONERA  D,  aile  qui  a  fait 
l'objet  d'une  Itude  systlmatique  1  I'ONERA  [24],  le  dlcollmsnt  d'extrados  prlsente  une  structure  tourbillon- 
nsire  organisle,  dont  I'origine  se  aitue  prts  de  l'apex  (flg.4d).  Cette  Structure  re  joint  celle  fournie  psr  iai 
calcul  des  lignes  d'lnission  basl  sur  la  mlthode  des  tourbillons  ponctuels  (26)(fig.4«). 


Les  coupes  c  ransve  rsalea  visual  isles  par  bullet  d'air  (fig.4bc)  rlvllent  .  outre  les  tourbillon*  pttriipal 
et  secondaires  de  bord  d'attaque,  la  prlaence  d '  un  tourbillon  te  formant  le  long  du  bord  d*  tuvte  lui  *».*m 
en  fllche  accentule.  De  tellea  visualisations  ont  permis  de  dlgsger  le  schlma  prlcit  et  ct>sq>le(  de  iVtouir- 
ment  125]. 

Une  deuxiln*  comparaison  calcul~explrience  a  Itl  effectule  tvec  cette  mtme  tile  en  prlaence  d'un  plan  canard 
de  mime  forme  en  plan  et  placl  k  la  mime  incidence  (fig. 4  fghi)  ;  cette  configuration  donne  lieu  k  des  inter¬ 
actions  entre  les  tourbillons.  De  tellea  interactions  peuvent  It  re  Wnlfiques  lorsqu'elles  contribuent  A 
retarder  le  dlcrochement  et  A  maintenir  aur  le  modtle  un  Icoulement  tourbi 1 lonnai re  organ is*.  Dans  le  cat 
d'un  avion  Ivoluant  k  incidence  llevle,  ces  tourbillons  fournissent  un  suppllarnt  de  portance,  et  d>nc  de 
manoeuvrability .  De  tellea  Itudes  d’ interaction  tourbi 1 lonnai re  entre  fuselage,  at  rake,  si le .  priae  d'air, 
etc.,  sont  effectives  syatlmatiquement  tut our  d'aviona  de  chaise  k  l'aide  de  visualisations  obtenues  au 
tunnel  vertical  de  NORTHROP  (27-28]. 

Au  cas  du  dlcollement  libre  sur  l'aile  s'paiaae  examinl  ci-dessus  peut  It  re  opposl  le  dlcollement  fix*  au 
bard  d'attaque  aigu  d'une  aile  delta  (  ♦  ■  75°),  cas  classique  pour  lequel  les  visualisations  avaient 
contribul  k  nett  re  en  lumilre  dls  1952  129]  1  'enroulement  en  comet  de  la  nappe  qui  ae  dltache  le  long  du 
bord  d'attaque  aigu  de  l'aile.  Cet  exemple  donne  ici  1 'occasion  de  comparer  et  recouper  des  visualisations 
obtenuespar  difflrent*  procldls  auaai  bien  en  aoufflerie  ( fig. 5abmn)  qu'au  tunnel  ONERA  THl  ( i ig .  5c-l )  ( 50  ] . 

Ces  visualisations  montrent  en  outre  le  phlnomlne  d'lclatement  [31]qui  disorganise  ces  tourbillons  aux  inci¬ 
dences  l levies  (fig. 5  j~n),  et  en  particulier  la  structure  glnlralement  spirsle  du  noyau  Iclatl  (fig.Sjn). 

Peu  sensible  aux  effets  du  nombre  de  Reynolds,  le  phlnoalne  d'lclatement  remonte  d'aval  en  amont ,  quand 
1 'incidence  de  l'aile  croit  (fig.l3bb*)  ou  sous  l'effet  d'un  gradient  de  presaion  antagoniste. 

3.3  -  Iclatejtent  de  touAtuMcn  - 

II  existe  plusieurs  types  d'lclatement  de  tourbillon  [32],  cosine  par  exemple  l'lclatement  du  type  butbe 
(fig. 6a),  et  un  certain  nombre  de  chercheurs  ont  Itudil  syatlmatiquement  ce  phlnomlne  au  sein  d'un  leoule- 
ment  hllicotda)  rlglable  traveraant  une  veine  circulaire  en  presence  d'un  gradient  antagoniste  [16  -  21]. 

Dans  les  tunnels  ONERA,  ce  phlnomlne  a  Itl  Itudil  en  aoumettant  soit  lea  deux  tourbillons  d'une  aile  delta 
entilre  (fig.l3bb')t  soit  un  tourbillon  marginal  isoll  au  sein  d'un  lcoulea*nt  aensiblement  uniforme  k  un 
gradient  antagoniste  crll  par  un  obstacle  ou  une  priae  d'air  placle  aur  la  trajectoire  du  noyau  (fig.6b-e). 

Que  ce  aoit  en  rlgime  latninaire  (fig. 12c)  ou  en  rlgime  turbulent  (fig.l2d),  l'lclatement  observl  eat  du  type 
spirale,  sauf  dana  dea  conditions  particulilrea ,  pour  leaquelles  apparatt  un  Iclatement  du  type  bulbe 
(Icoulement  laminaire  et  k  faible  Reynolds,  etc.). 

L'lclatement  en  spirale  a  Itl  obaervl  en  vol  aur  1' avion  DOUGLAS  F5D  [33]  (fig.6fg)  et  ces  essais  en  vol 
ont  A  leur  tour  Itl  re  couple  par  dea  viaualisationa  au  tunnel  ONERA  THl  (fig.6h). 

3.4  -  ToaA.tuM.on6  de  coAp6  AiueZH  - 

Lea  corpa  ogivo-cylindriquea  liases  reprlaentant  des  missiles,  lea  fuselages  isolls  et  les  ellipsoides  de 
revolution  allongls  constituent  une  autre  claaae  de  modules  aouvent  Itudils  k  l'heure  actuelle,  not  ament 
dans  le  caa  des  grands  angles  d'attaque  . 

Como*  le  rappel lent  lea  visualisations  obtenues  au  canal  du  DFVLR  A  Gottingen  (3M  et  dana  les  tunnels  ONERA 
[35],  le  dlcollement  libre  sur  les  bords  arrondia  d'un  corps  cylindrique  lisse  perd  la  structure  tourbillon- 
naire  symltrique  et  relativement  stable  qu’il  prlsente  aux  incidences  moyennes  (fig.7ac)  pour  devenir  le 
silge  de  tourbillons  aaymlt riques  moins  stables  maia  stationnairea  dls  que  1'incidence  ae  situe  entre  35*  et 
60°  (fig.7bd),  tout  en  conaervant  leur  aymltrie  prls  de  la  pointe  avant  (fig.7e  et  13a).  Lea  eaaais  prlcisent 
en  outre  les  effeta  d'une  variation  du  nombre  de  Reynolds  et  l'influence  de  la  forme  du  nez  :  les  premiers 
tourbillons  se  fixent  au  nez  pointu  de  l'ogive  et  au  contraire  reatent  slparls  par  um  bulbe  de  dlcollement 
nidi an  aur  un  nez  arrondi  (fig.7f  et  13a').  Ce  rlsultac  recoupe  ceux  d'une  Itude  de  l'influence  de  la  fora* 
du  nez  aur  le  dlcollement  tourbi 1 lonnai re  observl  autour  d'ogives  de  rlvolution  aux  incidences  l levies  [36-37] 

-  ogive  pointue  avec  des  tourbillons  issus  de  I'apex  (fig.Sn), 

-  ogive  k  nez  arrondi  avec  des  tourbillons  faiaont  leur  jonction  dana  un  bulbe  dlcolll  mldian  (fig. 8m), 

-  enfin,  dana  le  caa  d'un  nez  profill  corns*  celui  d'un  ellipsotde  de  rlvolution  allongl,  les  deux  tourbillons 
ae  trouvent  d'abord  alparls  par  un  couloir  mldian  sain  non  dlcolll  (fig. 8  fg) ,  puis  ae  rejoignent  en  aval 

( fig. 8  hi) . 

Lea  Imisaiona  de  colorent  plus  ou  mo ins  pariltalea  (fig.Sg  et  13e)  faitea  sur  le  nez  du  modlle  montrent  que 
lea  tourbillons  principaux  ae  fonsent  I  la  suite  d'un  cisaillement  accentul  de  la  couche  limite  amont ,  maia 
ne  pensettent  paa  de  distinguer  lea  singularitlt  classiques  caractlrisant  1 'origins  d'un  tourbillon  (foyer) 
[58,  39]. 

Pour  cette  raison,  ce  type  de  dlcollement  eat  glnlrales*nt  qualifil  de  dlcollement  ouvert,  non  tans  fair* 
l'objet  de  pollmiquea  [40].  Quand  le  nombre  de  Reynolds  croit  (fig.8jkl)  ou  lorsque  1'incidence  diminue 
(fig.Sde  et  8a-c),lea  tourbillons  ae  formant  plus  en  aval  avec  dea  noyaux  plus  rlduits,  maia  la  structure  du 
dlcollement  reate  inchangle.  De  tellea  visualisations  competent  les  mesures  effectules  en  soufflerie  sur  ce 
mime  type  de  maquette  auaai  bicn  k  1 'ONERA  qu'au  DFVLR  [41]. 

3.5  -  TouAtittonk  de  ojploJUk  - 


L'ltude  du  dlcollemant  tridimensionnel  libre  a  Itl  pours ui vie  dans  les  tunnels  ONERA  avec  des  ellipsoides 
de  forme  plua  aplatia  (fig. 13c  et  d),  qui  a 'apparentent  au  caa  d'une  aila  plus  ou  moins  llancle. 


f 


Dana  la  caa  da  1 'ellipsoids  circulaire  qui  peut  tcre  examinl  en  ddtail  aur  la  fig. 9,  lea  difflrentes  vues 
rlvllent  Involution  du  ddcollament  d 'ext redos  an  f one t ion  da  1* incidence  et  du  nombre  de  Reynolds 
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et  permettent  de  distinguer  les  different*  cas  »uivmti  : 

-  tourbillons  marginaux  s*pares  par  un  large  couloir  d'ecoulement  aain  (fig. 9  e-h) 

-  tourbillons  perturbe#  par  un  large  d^collement  median  (fig.9a-d  et  13«), 

-  tourbillons  separds  par  un  bulbe  de  bord  d'attaque  median  A  caractftre  nixte  laninai re- turbulent  et  plus 
ou  moina  etendu  (fig.9cj  etfig.9k1) 

-  tourbillons  marginaux  s£par£s  par  un  bulbe  laminaire  (fig.9mn)  et  gdn^raleoent  suivi  d'un  decollement  median 
arriftre  (fig. 13d). 

3.6  -  TcuAbitton*  aatouA  dc  cylindni*  - 

Au  c  as  precedent  du  decollement  libre  sur  un  ellipsofde  circulaire  en  incidence  peut  fttre  con  front 6  celui 
du  decollement  se  produisant  au  culot  incline  d'un  cylindre  sans  incidence  (fig.lOa-f)  :  ce  decollement  fix# 
le  long  du  bord  aigu  du  culot  (fig. 10a)  est  le  siftge  de  deux  tourbillons  symetriques  issus  de  points  de  conver¬ 
gence  spirale  (fig.lOb)  situ^s  de  part  et  d'autre  d'un  bulbe  decolie  median  fixe  au  bord  avant  du  culot  (fig. 
10c).  Ces  tourbillons  relativement  stables  se  d^veloppent  juaqu'aubord  aval  du  culot  (fig.de)  et  viennent 
constituer  le  sillage  tourbi  1  lonnaire  du  module  (fig.lOf).  Ce  type  d 'Icoulement  conceme  directement  1 'etude 
alrodynaxiique  des  vihicules  terrestres  [42]. 

L'exemple  du  cylindre  droit  illustri  par  les  fig .lOg-n  dvoque  le  cas  des  structures  fixes  soumisea  au  vent  ou 
at  courant  (tour,  chetain^e ,  pile  de  pont ,  etc...).  Cotaoe  on  le  sait,  1  'Icoulenent  autour  d'un  tel  cylindre 
n'est  ve  ri tab  lenten t  plan  qu'en  dehors  de  son  sillage  (fig.lOh)  ou  du  voiainage  des  panneaux  entre  leaquels 
il  est  monte  (fig.lOg).  On  observe  devant  le  cylindre  un  decollement  de  la  couche  limite  du  panneau  avec 
formation  de  tourbillons  principaux  et  secondaires  comport  ant  une  structure  tridiodnsionnelle .  Aliment* a  par 
une  mince  couche  de  courant,  ces  tourbillons  s'incurvent  en  fer  A  cheval  de  part  et  d'autre  du  cylindre  et 
Ivacuent  vers  l’aval  le  debit  capte  [43].  M£me  en  regime  laminaire  (fig.llki),  1  ourbillons  de  BAnard 
Karman  qui  se  forment  asses  loin  dans  le  sillage,  finissent,  quand  la  vitesse  augmente,  par  produire  des 
effets  inatationnaires  eur  ces  tourbillons  en  fer  A  cheval  (fig.lOij).  A  vitesse  61ev4e  (fig.lOoai),  l'Acou- 
lement  le  long  du  panneau  devient  turbulent  et  plus  instationnaire ,  mais  conserve  finalement  sa  m£me  struc¬ 
ture  moyenne  [44], 

3.7  -  TouAbiltoM  en  fitgiae.  initcuUonneuAz  - 

Pour  evoquer  les  £coulements  tourbi 11 onnai res  instationnaires ,  les  visualisations  retenues  dans  cet  expos* 
ne  con  cement  que  le  cas  des  tourbillons  marginaux  se  formant  au  bout  des  pales  d'un  rotor  d'heiicoptftre. 

Le  lecteur  int£ressd  pourra  trouver  dans  [2,4Si  de  nombreux  exemples  d'autres  types  de  tourbillons  insta¬ 
tionnaires  visualises  par  les  m£nes  moyens. 

La  figure  11  dAvoile  les  different!  aspects  des  phdnomftnes  tourbi l 1 onnai res  se  produisant  autour  d'un  rotor 
tripale  isold,  d'abord  au  point  fixe  ou  les  tourbillons  heiicotdaux  se  dlplacent  ft  la  frontiers  du  flux  du 
rotor  (fig.lla-d),  puis  en  vol  d '  av  an  center,  c  ou  les  tourbillons  de  forsie  en  plan  cyclotdale  sont  emportAi 
par  le  courant  (fig. 11  g-r). 

Ces  recoupements  effectuAs  entre  des  essais  dans  !*-*»  et  dans  I'eau  [6]  ont  permis  de  comparer  les  trajec- 
toires  des  tourbillons  et  de  prdciser  les  effets  de  certains  paramfttres.  Ces  essais,  qui  se  poursuivent 
actual lement  dans  les  tunnels  ONERA,  mettent  en  jeu  une  maquette  motoris*e  d'hAlicoptftre  complet  avec  simu¬ 
lation  des  prises  d’air  et  sorties  de  gaz,  aussi  bien  en  vol  d ' avancement  (fig.llh)  qu'en  vol  at  at  ionnai  re 
(fig. 12b)  [12). 

OWCLUSIOV  - 


En  regime  stationnaire  cosine  en  regime  inatationnai  re ,  les  visualisations  obtenues  en  tunnel,  en  soufflerie 
ou  en  vol  apportent  une  contribution  dvidente  ft  la  connaissance  des  Acoul  vents  tourbi 1 lonn si  res  tridimen- 
sionnels,  qu'il  s'agisse  d'une  etude  fondsmentsle  ou  d ' a*rodynamique  app.iqule. 

Pui ssent-e lies  aider  aussi  bien  les  thdoriciens  que  les  experiment ateurs  ft  &i«ux  interpreter  leurs  propres 
resultats  et  ft  guider  ainsi  leurs  recherches  dans  ce  domaine. 
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LASER  VEIOCIMETRY  STUDY  OF  COMPRESSIBILITY  EFFECTS 
ON  THE  FLOW  FIELD  OF  A  DELTA  WING 


G.  Vorropoulos  and  J.F.  Wendt 
von  Karman  Institute  for  Fluid  Dynamics 
Chauss6e  de  Waterloo,  72 

j  B  -  1640  Rhode  Saint  GenSse,  Belgium 

SU&MARY 

\\ 

Compressibility  effects  on  the  lee-side  vortical  flow  field  of  a  delta  wing  at  inci¬ 
dence  were  studied  using  laser  doppler  velocimetry.  The  tests  covered  the  Mach  number 
range  from  0.18  to  0.80;  both  axial  and  c 1 rcumferent i a  1  velocity  components  were  measured. 
It  was  found  that  the  axial  velocity  excess  observed  at  low  Mach  numbers  became  an  axial 
velocity  deficit  at  Mach  numbers  above  0.6.  Strong  asymmetry  was  observed  in  the  circum¬ 
ferential  velocity  distribution  at  the  higher  Mach  numbers.  A  flow  picture  including  an 
embedded  shock  wave  is  proposed  as  physical  explanation  of  the  observed  compressibility 
effects . 

LIST  OF  SYMBOLS 

AR  aspect  ratio  of  delta  wing 

Cp  pressure  coefficient 

C*  critical  pressure  coefficient 

dp  particle  diameter 

M  free  stream  Mach  number 

Mn  free  stream  Mach  number  component  normal  to  the  wing  leading  edge 
Mach  number  at  the  vortex  outer  edge  (Ref.  20) 
r  distance  of  seeding  particle  from  vortex  axis 

Re  Reynolds  number 

Rep  particle  Reynolds  number 

S  model  semispan 

t  time 

u  axial  velocity  of  fluid 

axial  velocity  at  the  vortex  outer  edge  (Refs.  8,20) 

V  fluid  velocity  vecti 

Ve  c i rcumf eren ti a  1  velocity  at  the  vortex  outer  edge  (Ref.  8,20) 

V o  component  of  the  free  stream  velocity  parallel  to  the  vortex  axis 

v, Vp  fluid  and  particle  c i rcumferenti a  1  velocities  respectively 

w ,  Wp  fluid  and  particle  radial  velocities  respectively 
( x  ,  y  ,  z  )  coordinate  system  used  in  our  tests  (Fig.  7) 

(Ya,Za)  location  of  vortex  axis  on  the  cross  f’ow  plane 
Y o  defined  in  text  (page  5)  and  figure  7 

a  wing  incidence 

ap  leading  edge  incidence 

(Ax, ay, az)  probe  volume  dimensions 
e  defined  i n  text 

u  viscosity  coefficient 

C  *  j  conical  coordinates  of  a  point  inside  a  conical  vortex 
Co  conical  coordinate  of  a  point  at  the  conical  vortex  outer  edge 
o P  particle  density 

'v*  dpV18u 

u  fluid  angular  velocity 

1.  INTRODUCTION 

The  symmetric  vortical  flow  over  delta  wings  In  the  low  speed  regime  has  been  exten¬ 
sively  studied,  both  experimentally  (e.g.  Refs.  1,2, 3, 4)  and  theoretically  (Refs.  5, 6, 7,6) 
Several  Investigators  have  studied  modifications  to  the  lee-side  vortex  flow  arising  when 
the  Mach  number  Increases.  Stanbrook  and  Squire  (Refs.  9,10,11)  observed.  In  a  test  series 
on  delta  wings  of  aspect  ratio  1.86  at  Incidence  and  In  the  Mach  number  range  from  0.7 
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to  2.0,  that  as  increases  the  vortex  sheet  is  flattened  and  the  vortex  axis  approaches 
the  wing  surface."  They  observed  a  conical  shock  above  the  vortex  sheet  for  M,  >  1.75. 
Following  these  observations,  Stanbrook  and  Squire  proposed  to  classify  the  flow  field 
above  a  delta  wing  into  three  regions,  depending  on  the  leading  edge  incidence,  an,  and 
the  Mach  number,  Mn,  normal  to  the  leading  edge.  These  flow  regions  are  shown  in  figure  1; 
they  are  characteri zed  as  follows  : 

Region  A  :  For  subsonic  and  transonic  Mn ,  the  flow  still  exhibits  the  characteri sti cs  of 
a  leading  edge  separation.  For  supersonic  free  stream  Mach  numbers,  a  detached  shock 
exists  upstream  of  the  wing  leading  edges. 

Region  B  :  The  detached  shock  approaches  the  wing  leading  edges  and  supersonic  expansions 
occur  which  are  terminated  by  inboard  shock  waves.  The  shocks  may  cause  separation  of 
the  upper  surface  boundary  layer  and  possibly  separation  vortices. 

Region  C  :  This  type  of  flow  is  similar  to  that  of  region  B,  with  the  exception  that  the 
bow  shock  is  now  attached  to  the  leading  edges. 

Transition  from  the  separated  flow  of  region  A  to  the  attached  flow  of  region  B  occurs 
smoothly .  The  flattening  of  the  vortex  sheet,  and  the  existence  of  a  conical  shock  above 
it,  are  associated  with  this  transition  process.  Gaudet  and  Winter  (Ref.  12)  and  Monnerie 
and  Werle  (Ref.  13)  scanned  the  lee-side  vortex  witn  a  five  hole  conical  head  probe  and  a 
pitot  probe,  respectively,  for  the  case  of  supersonic  free  stream  Mach  numbers  and  values 
of  an  and  Mn  correspondi ng  to  region  A,  figure  1.  Th>  ,  xpressed  doubts  about  the  validity 
of  their  results  due  to  interference  of  the  probe  wit:  .he  vortex.  Nevertheless,  Gaudet 
and  Winter  (Ref.  12)  tentatively  concluded  that  the  local  Mach  number  decreased  towards 
the  vortex  axis.  Monnerie  and  Werle  (Ref.  13)  detected  a  centerline  shock,  when  the  wing 
incidence  was  so  large  that  the  outer  surfaces  of  the  vortices  were  very  close  to  each 
other,  forming  effectively  a  supersonic  nozzle.  Stahl  et  al  .  (Ref.  14)  observed  that,  as 
the  Mach  number  increased,  for  constant  wing  incidence  and  Reynolds  number,  the  spanwise 
suction  was  reduced  (Fig.  2).  The  pressure  distributions  became  flatter  at  exceeding 
0.8  and  showed  some  signs  of  secondary  separations. 

The  compressible  leading  edge  vortex  has  been  studied  thecret i ca 1 1 y  by  Brown  (Ref.  20); 
the  assumptions  imposed  were  : 

-  The  vortex  core  is  geometrically  slender. 

The  flow  field  is  inviscid,  rotational,  homoentropi c ,  conical,  steady  and  axially 

symmetric . 

The  continuity,  momentum  and  energy  equations  are  reduced  to  a  system  of  ordinary  differen¬ 
tial  equations,  which  can  be  solved  under  the  following  boundary  conditions  : 

The  radial  velocity  is  zero  on  the  axis. 

The  axial  and  ci rcumf erent i a  1  velocity  components  as  well  as  the  density  are  prescribed 
at  the  outer  edge  of  the  vortex. 

Thus,  the  problem  is  identical  to  that  solved  by  Hall  (Ref.  8)  for  incompressible  flow. 

Brown  found  that  as  the  Mach  number  increases,  the  ratio  of  the  axial  velocity  at 
the  core  to  the  Ue  velocity  decreases  (Fig.  3).  It  was  also  found  that  the  compressibility 
drastically  changes  the  behaviour  of  the  circumferential  velocity.  At  Me  =  0  the  circum¬ 
ferential  velocity  increases  towards  the  vortex  axis,  whereas  for  the  cases  Me  =  0.95  and 
1.6  this  velocity  component  decreases  towards  the  axis  (Fig.  3).  No  experimental  valida¬ 
tion  of  Brown’s  model  has  been  reported  to  date. 

The  objective  of  the  present  research  was  to  investigate  compres s i b i 1 i ty  effects  on 
delta  wing  vortices  for  subsonic  free  stream  Mach  numbers.  To  avoid  the  effects  of  an 
intrusive  measurement  technique,  laser  doppler  velocimetry  (LOV)  was  selected  Emphasis  was 
placed  on  the  behaviour  of  the  axial  velocity  component,  since  measurements  and  theory  at  low 
speed  (eg.  Refs.  1,7)  have  shown  that,  depending  on  the  wing  aspect  ratio  and  incidence,  the 
axial  velocity  could  attain  values  two  or  th-ee  times  larger  than  the  free  stream  velocity. 
Measurements  of  the  tangential  component  were  also  accomplished  in  this  study,  to  aid  in 
the  development  of  the  understanding  of  the  flow  field  structure. 

2.  EXPERIMENTAL  SET-UP 

The  experiments  were  carried  out  in  the  VKl  S-l  continuous  transonic  wind  tunnel,  which 
was  equipped  with  a  slotted-wall  test  section.  The  model  was  a  flat  plate,  sharp-edged  delta 
wing  of  aspect  ratio  two  with  a  chord  length  of  150  mm  (Fig.  4).  It  was  fixed  by  a  strut 
support  to  a  continuous  incidence  mechanism. 

The  LDV  system  (Fig.  5)  consisted  of  : 

Transmitting  optics  :  A  Spectra-Phys 1 cs  Argon-ion  laser  (mod  164A)  produced  a  beam  of  1.8 
Watt  maximum  power  at  x  *  5145fl.  The  beam  was  divided  by  an  0E!  beam  splitter  into  two 
beams,  the  intensity  of  which  was  equalized  by  means  of  a  Spectra-Pt  sics  polarizer.  An 
0EI  beam  spacer  was  used  to  reduce  the  beam  separation  distance  to  1.  mm.  A  350  mm  focal 
length  lens  provided  a  fringe  spacing,  df,  of  11.8  u«.  for  the  measu-  ?nts  of  the  cir¬ 
cumferential  velocity,  0EI  Bragg  cells  were  Included  in  the  transmit  j  optics. 

Receiving  optics  :  The  light  scattered  by  particles  crossing  the  probe  volume  was  collected 
by  a  TEMrON  zoom  lens  and  was  sent  to  an  RCA  4526  photomultiplier  tube  powered  by  a  TSI  9165 
power  supply.  A  200  urn  pinhole  was  placed  between  the  zoom  lens  and  the  photomultiplier  to 
reduce  the  optical  noise.  The  receiving  optical  unit  was  oriented  at  a  15*  off-axis  angle 
(with  respect  to  the  transmitting  optics  axis)  to  reduce  the  probe  volume  length  as  seen 
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by  the  photomultiplier.  Thus  the  effective  probe  volume  dimensions  which  define  the  spa¬ 
tial  resolution  of  the  velocimeter  were  ax  =  Ay  =  0.2  mm  and  az  =  2  mm  (Fig.  5).  The 
number  of  fringes  observed  was  20. 

Processing  electronics  :  The  signal  of  the  output  of  the  photomultiplier  was  processed  by 
a  TSI  1990A  counter.  The  counter  output  was  connected  to  a  POP  11/34  mini  computer  via 
the  VKI  data  acquisition  system  for  storage  and  further  processing  of  the  velocity  data. 

For  these  tests  the  LOV  set-up  was  operated  in  the  forward  scatter  mode  for  maximum  scat¬ 
tered  light  intensity.  Therefore,  the  transmitting  and  receiving  optics  were  placed  on 
either  side  of  the  tunnel,  Schlieren  windows  providing  optical  access  to  the  test  section. 
The  LDV  system  was  supported  on  a  programmable  table  which  could  move  along  three  mutually 
perpendicul a r  axes  with  a  preselected  step  size. 

Seeding  :  A  Norgren  microfog  lubricator  provided  a  mist  of  fine  oil  droplets;  their  size 
distribution  was  measured  with  an  OEI  Parco  isokinetic  sampling  probe;  the  result  is  shown 
in  figure  6.  The  mean  droplet  diameter  was  found  to  be  0.45  urn  r  0.05  um.  Seeding  was 
introduced  through  a  perforated  tube  2  m  upstream  of  the  test  section  (in  the  tunnel 
reservoir) . 

3.  TEST  PROGRAM 

A  fixed  model  incidence  of  10°  corresponding  to  a  blockage  ratio  of  1.2;  was  chosen  to 
ensure  that  theflow  field  was  stable  and  that  the  vortex  rotational  velocity  was  not 
excessively  large  considering  the  expected  behaviour  of  the  seed  particles  (see  section  4). 

The  measured  velocity  components  (see  Fig.  7)  were  ; 

(1)  The  component  parallel  to  the  vortex  axis,  which  will  be  referred  to  as  the  axial 
velocity,  u . 

(2)  The  component  normal  to  the  plane  defined  by  the  two  vortex  axes  and  which  will  be 
referred  to  as  the  circumferential  velocity,  v. 

Separate  tests,  with  the  apppropriate  fringe  orientation  for  each,  were  required  for  the 
measurement  of  these  two  components.  Oue  to  flow  symmetry,  velocity  measurements  were 
carried  out  only  in  one  vortex.  The  support  table  was  moved  in  such  a  way  that  the  probe 
volume  traversed  horizontally  the  vortex  center  along  a  direction  normal  to  the  vortex 
axis.  These  traverses  were  carried  out  at  several  chordwise  stations  ranging  from  30;  to 
80%  of  the  chord  length. 

The  vortex  axis  location  was  determined  as  follows  :  at  a  given  chordwise  station  the 
cross  flow  plane  was  scanned  with  the  LOV.  The  vortex  axis  was  defined  as  the  region  of 
minimum  LDV  data  rate  and  minimum  LDV  signal -to-noi se  ratio.  This  location  corresponded 
to  the  maximum  or  minimum  (depending  on  m^,)  of  the  axial  velocity,  as  will  be  seen  later, 
and  to  the  sign  reversal  of  the  ci rcumf erent i al  velocity.  In  addition,  the  spanwise  loca¬ 
tion  of  the  vortex  axis  was  identical  to  that  of  the  suction  maximum  as  determined  by 
the  pressure  distribution  measurements  of  Muylaert  (Ref.  19)  using  the  same  wing.  The 
position  of  the  vortex  axis  was  determined  with  an  accuracy  of  0.7%  of  the  trailing  edge 
semispan  (i.e.,  ±  0.5  mm)  in  the  vertical  direction  and  of  1.3%  of  the  trailing  edge  semi¬ 
span  (i.e.,  j  1  mm)  in  the  horizontal  direction.  Table  1  summarizes  the  test  conditions. 
The  Reynolds  number  was  3.4  «  10s  and  was  kept  constant  within  5%  throughout  the  tests 


Measured  component 
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50%  , 

0.18 

ci rcumferenti a  1 

50% 
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a> 

o 

ci rcumf erent i al 

50%  | 

TABLE  1 


4.  PARTICLE  BEHAVIOUR 

A  laser  velocimeter  measures  the  velocity  of  particles  entrained  in  the  fluid.  The 
measured  quantity  coincides  with  the  fluid  velocity  only  if  the  seeding  particles  accura¬ 
tely  follow  the  flow.  The  particles  may  be  said  to  follow  the  flow  if  they  have  the  same 
velocity  as  the  fluid  within  a  prescribed  tolerance.  In  a  high  speed  vortex,  however, 
large  centrifugal  forces  act  on  the  particle  which,  if  their  mass  is  large  enough,  would 
tend  to  move  outward  in  the  radial  direction  and  thus  would  acquire  velocities  different 
than  those  of  the  vortex.  The  problem  was  therefore  to  determine  whether  or  not  the 
0.45  urn  mean  diameter  oil  droplets  produced  by  the  Norgren  microfog  lubricator  seeding 
system  would  follow  the  strong  vortical  flow  under  investigation.  Maximum  particle  lag 
would  be  expected  in  the  region  of  the  vortex  subcore,  which  rotates  as  a  solid  body. 

From  a  preliminary  test  series  on  the  same  wing  (Refs.  15,16)  it  was  found  that  the 
angular  velocity  of  the  flow  in  the  vortex  subcore  was  approximately  30.000  rad/s  at 
*  °-8* 
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A  theoretical  study  was  undertaken  to  predict  particle  motion  in  two  and  three  dimen¬ 
sional  vortices.  Considering  a  forced  vortex  rotating  with  an  angular  velocity  w  and 
assuming  Stokes  drag  (i.e.,  Re^  <  1)  and  spherical  particles,  the  equations  of  motion  are: 

dw  v2  . 

— 2  -  -e  *  —  (w-wj  (1) 


where  w  and  v  are  the  fluid  radial  and  ci rcumf erent i a  1  velocities  and  wp  and  vp  the  particle 
radial  and  circumferential  velocities  (for  a  forced  vortex  w  =  0  and  v  =  wr,  where  u  is 
the  angular  velocity  and  r  the  distance  of  the  fluid  particle  with  velocity  v  from  the 
vortex  axis).  The  parameter  iv  is  such  that  its  product  with  u  gives  the  ratio  of  the 
centrifugal  force  acting  on  the  particle  to  the  Stokes  drag  force;  i.e. 

"(d,!/6)o  n“2r 

E -  (3) 

dud  uuf 

p 

where  dp  is  the  particle  diameter,  pp  its  density,  r  the  radial  distance  of  the  particle 
from  the  vortex  axis  and  u  the  viscosity  coefficient. 

Equations  (1)  and  (2)  were  numerical ly  solved,  using  as  initial  conditions  the  par¬ 
ticle  position  at  t  *  0  and  the  assumption  that  particles  initially  follow  the  flow. 

Typical  results  are  shown  in  figure  8  for  the  case  of  u>  *  30000  rad/s.  It  can  be  seen 
thart  the  particle  radial  velocity  increases  rapidly  with  increasing  particle  diameter 
whereas  the  particle  circumferential  velocity  remains  constant  and  is  less  than  It  inferior 
to  that  of  the  fluid  for  particle  diameters  less  than  1  urn.  Above  that  value,  the  particle 
circumferential  velocity  decreases. 

These  calculations  were  extended  to  a  three  dimensional  vortex  using  Hall's  model 
(Ref.  8).  The  analytical  solution  of  Hall  was  obtained  under  the  assumptions  of  a  conical 
slender  vortex;  of  an  inviscid,  rotational,  steady,  axisymmetric  and  incompressible  flow 
field;  of  known  axial  and  circumferential  velocities  as  well  as  static  pressure  on  the 
outer  edge  of  the  vortex  and  of  zero  radial  velocity  on  the  axis.  It  is  important  to  note 
that  the  particle  motion  in  a  direction  parallel  to  the  vortex  axis  is  not  influenced  by 
the  centrifugal  force  field.  This  is  due  to  the  fact  that  the  equation  for  a  particle 
motion  parallel  to  the  vortex  axis  is  uncoupled  from  the  equations  of  motion  in  a  vortex 
cross  flow  plane  (containing  the  centrifugal  force  term),  if  Rep  <  1  (i.e.,  if  Stokes  drag 
law  is  appl i cabl e) ( Ref .  17).  This  has  been  confirmed  by  solving  numerically  the  motion 
equation  of  a  particle  in  a  vortex  described  by  Hall's  model.  The  parameters  of  Hall's 
model  were  given  values  such  that  the  rotational  speed  close  to  the  axis  of  this  vortex 
roughly  corresponded  to  that  observed  in  our  preliminary  tests  (Ref.  15).  Figure  9  shows 
the  velocity  distributions  of  the  hypothetical  vortex  used  in  these  computations.  In 
figure  10,  baled  on  these  velocity  distributions,  the  variation  of  the  quantities  vp/v, 
ug/u  and  w p/ 1 V |  versus  the  angle  e  is  shown  (0  is  the  angular  distance  from  the  projection 
of  the  particle  positions  at  a  time  t  onto  a  plane  normal  to  the  vortex  axis  to  the  projec¬ 
tion  onto  the  same  plane  of  its  initial  position  (at  t=0))  and  u  and  up  are  the  axial  velo¬ 
cities  of  the  fluid  and  particle  respectively  and  | V  J  is  the  total  fluid  velocity.  It  was 
assumed  in  these  calculations  that  the  particle  was  released  at  a  position  correspond i ng 
to  the  outer  edge  of  the  vortex  subcore,  with  initial  velocity  components  equal  to  those 
of  the  local  fluid  velocity.  It  can  be  seen  that  for  a  particle  whose  diameter_dp  is 
0.50  um  (i.e.,  close  to  the  mean  particle  diameter  In  our  tests)  the  ratio  wp/ | V |  attains 
rapidly  a  maximum  value  of  3%  close  to  the  axis  and  then  decreases  continuously.  It  can 
also  be  seen  that  this  particle  has  circumferential  and  axial  velocity  components  only 
slightly  different  Mess  than  0.5%)  from  those  of  the  fluid.  For  dp  =  1.0  um,  the  maximum 
value  of  w«  |V |  is  14%  and  the  particle  follows  the  axial  and  ci rcumf erent i a  1  velocity  com¬ 
ponents  within  1%  after  one  revolution.  The  particle  Reynolds  number  was  always  less 
than  unity  for  particle  diameters  less  than  1  um. 


Our  results  closely  corresponded  to  the  theoretical  and  experimental  results  of 
Mazumder  (Ref.  18),  who  found  that  the  latex  particles  of  diameter  of  0.5  um  followed  with¬ 
in  0.5%  an  oscillating,  one  dimensional  flow,  of  frequency  32.2  kHz.  Thus  we  conclude  that 
the  velocity  of  the  oil  droplets  embedded  in  the  rapidly  rotating  flow  of  this  experiment 
could  be  equated  to  the  fluid  velocity. 

5.  RESULTS  AND  DISCUSSIONS 

In  figure  11  the  spanwise  distribution  of  the  axial  velocity  on  a  traverse  through 
the  vortex  core  at  the  50%  chord  is  shown  for  equal  to  0.18  and  0.80.  The  accuracy  in 
the  measured  velocities  was  estimated  at  t  1%  away  from  the  vortex  axis  and  1  3%  close 
to  the  vortex  axis.  For  the  case  of  ■  0.18,  the  axial  velocity  distribution  is  similar 

to  that  observed  by  other  investigators  of  the  low  speed,  delta  wing  flow  field  (e.g., 

Refs.  1,2).  Inboard  of  the  leading  edge  the  axial  velocity,  u,  increases  reaching  a 
maximum  value  of  approxlma tely  1.3  V.  where  V.,  Is  the  free  stream  velocity  component  paral¬ 
lel  to  the  vortex  axis.  This  maximum  value  Is  found  at  approximately  60%  of  the  local 
semispan  which  corresponds  to  the  location  of  minimum  data  rate  and  si gna 1 -to-noi se  ratio. 
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Inboard  of  this  location,  u  decreases  and  finally  attains  a  value  close  to  V.  near  the 
wing  centerline.  A  slight  vortex  asymmetry  is  observed,  which  has  been  previously 
noticed  (Ref.  2). 

At  »  0.80,  a  dramatic  change  in  the  axial  velocity  distribution  is  observed. 
Instead  of  an  “excess"  in  u  (u  >  V.)  as  observed  at  M.  *  0.18,  a  “deficit"  in  u(u  <  V„) 
now  characteri zes  the  core  region  of  the  velocity  distribution.  The  axial  velocity  de¬ 
creases  inboard  of  the  leading  edge  and  reaches  a  minimum,  again  at  60*  of  the  local 
semispan.  The  minimum  value  of  u  occurs  at  the  same  location  (i.e.,  on  the  vortex  axis) 
as  the  maximum  in  u  for  the  case  of  M*.  =  0.18.  Further  inboard  of  the  vortex  subcore, 
at  M,*  =  0.80,  the  axial  velocity  abruptly  increases  to  a  value  of  1.1  and  then  slowly 
decreases  towards  the  centerline.  Thus  it  can  be  said  that  at  M,*  =  0.80,  the  vortex 
exhibits  a  rather  unexpected  behaviour,  i.e.,  an  axial  velocity  deficit  and  a  pronounced 
asymmetry  in  u  about  its  axis. 

To  examine  the  transition  in  the  spanwise  axial  velocity  distribution  from 
M*.  =  0.18  to  =  0.80,  similar  spanwise  axial  velocity  measurements  were  performed  at 
the  50%  chordwise  station  for  Mach  numbers  of  0.42,  0.60  and  0.71.  Results  are  shown  in 
figures  12,  13  and  14.  At  M„  =  0.42  the  excess  in  axial  velocity  is  similar  to  that 
observed  at  M.  «  0.18.  The  maximum  value  in  u  is  slightly  less  than  that  at  M*  *  0.18, 
but  this  may  be  due  to  the  small  number  of  data  points  in  the  region  of  the  vortex  core. 
At  M,,  *  0.60  and  0.71,  a  deficit  in  axial  velocity  and  an  asymmetric  distribution  with 
an  abrupt  increase  in  u  inboard  of  the  vortex  subcore  characterize  the  vortex.  Thus,  a 
transition  from  an  axial  velocity  excess  to  a  deficit  occurs  between  M*  *  0.42  and 

Moo  =  0.60. 

In  table  2  we  present  the  location  of  the  vortex  axis  as  a  function  of  Mach  number 
for  the  50%  chordwise  station. 


TABLE  2 

Z 3  and  Ya  are  the  coordinates  of  the  vortex  axis  and  Y0  is  the  length  AB  of  figure  7. 

It  can  be  seen  that  the  spanwise  location  of  the  vortex  remained  constant  (within  the 
measurement  accuracy)  for  the  Mach  number  range  of  the  tests.  On  the  other  har.v.  for 

>  0.42  the  vortex  axis  moved  towards  the  wing  surface. 

Further  tests  were  performed  at  M«.  =  0.18  and  0.80  to  examine  the  conicity  of  the 
vortex.  To  that  end,  axial  velocity  measurements  were  carried  out  across  the  vortex  axis 
for  chordwise  stations  of  30%,  40%,  60%,  70%  and  80%  of  the  chord  length.  The  results  are 
plotted  in  figures  15  and  16.  Inspection  of  these  figures  reveals  that  : 

The  deficit  in  axial  velocity,  u,  is  present  at  all  spanwise  profiles  for  M„  =  0.30, 
in  contrast  to  an  excess  for  M*  =  0.18. 

The  departure  from  conicity  is  character i zed  by  a  reduction  in  u  maxima  (for  the  case 
M«.  =  0.18)  for  chordwise  stations  downstream  of  the  50%  station.  For  the  case  of  = 
0.80,  the  axial  velocity  gradients  along  the  spanwise  direction  are  decreased  downstream 
of  mi<J  chord  and  there  is  a  tendency  for  the  axial  velocity  distribution  to  become  more 
symmetric.  This  departure  from  conicity  is  due  to  the  presence  of  the  trailing  edge 
downstream  of  which  the  vortex  tends  to  become  parallel  to  the  free  stream. 

In  figures  17  and  18  are  plotted  the  equal  axial  velocity  lines  as  measured  during 
several  traverses  of  the  cross  flow  plane  at  the  50%  chordwise  station  and  for  M.  =  C.18 
and  0.80.  Both  figures  show  character  1 st ics  of  the  vortex  structure.  It  is  again  noted 
that  although  compressibility  did  not  affect  the  spanwise  location  of  the  vortex  axis,  its 
vertical  distance  from  the  wing  surface  decreases  with  increasing  Mach  number.  A  region 
is  observed  in  figure  10  with  large  spanwise  axial  velocity  gradients  just  inboard  of  the 
vortex  axis. 

The  investigation  was  extended  to  the  measurement  of  the  spanwise  distribution  of 
the  c i rcumferent 1  a  1  velocity  component.  Only  two  tests  were  performed  at  M„  »  0.18  and 
0.80  at  the  50%  chordwise  station.  The  results  are  shown  in  figure  19.  Inspec¬ 
tion  of  figure  19  shows  that  at  M.  ■  0.18  the  circumferential  velocity  component,  v,  in¬ 
creases  inboard  of  tnw  leading  edge  up  to  a  point  where  a  sudden  drop  and  then  a  recovery 
occur  characteristic  of  the  existence  of  a  vortex  sheet.  Further  inboard,  v  Increases 
towards  the  vortex  axis,  where  a  change  In  its  sign  occurs.  The  location  of  th<s  sign 
change  is  the  same  as  that  of  the  maximum  in  the  axial  velocity  discussed  earlier. 

The  maximum  value  of  v  was  approximately  0.6  ¥-.  The  spanwise  behaviour  of  the  circum¬ 
ferential  velocity,  v,  at  M-  ■  0.80  is  shown  In  figure  19.  Again,  as  at  low  speed,  v 
Increases  inboard  of  the  leading  edge  and  then  decreases  suddenly,  again  showing  the 
presence  of  a  vortex  sheet.  Following  this  drop,  there  is  a  recovery  in  v,  which. 
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however,  attains  smaller  values  (0.2  V.  approximately)  than  in  the  low  Mach  number  case. 

The  circumferential  velocity,  v,  slightly  increases  near  the  vortex  axis,  where  a  sign 
reversal  is  noted.  Inboard  of  the  axis  v  reaches  again  60%  of  and  then  decreases  to¬ 
wards  the  wing  centerline. 

Our  results  are  not  in  agreement  with  Brown's  theoretical  prediction  of  the  compres¬ 
sible  vortex  flow  (Ref.  20)  which  was  discussed  in  section  1.  An  excess  in  axial  velocity 

is  always  predicted  by  this  model  in  contrast  to  what  was  found  as  a  result  of  the  present 
investigation. 

The  observed  compressibility  effects  on  the  leading  edge  vortex  velocity  field  l*.ads 
us  to  present  the  following  hypothesis  on  the  flow  field  structure  :  At  a  sufficiently 

high  value  of  M®  (for  an  AR  =  2  wing,  between  M®  =  0.42  and  M®  -  0.60),  local  supersonic 

flow  regions  develop  in  the  lee  side  vortical  flow.  These  supersonic  flow  regions  are 
more  likely  to  occur  inboard  of  the  vortex  axis,  where  the  flow  is  accelerated  towards  the 
wing  surface.  Their  existence  is  established  by  the  pressure  measurements  of  Muylaert 
(Ref.  19)  on  the  same  wing,  an  example  of  whi^h  is  shown  in  figure  20  for  M®  =  0.79.  The 

value  of  the  critical  pressure  coefficient,  Cp,  (i.e.,  the  value  of  Cp  for  a  local  Mach 

number  of  1)  at  this  value  of  H®,  is  -0.43.  It  is  exceeded  (in  absolute  value)  in  a  region 
around  the  suction  maximum,  covering  30%  to  40%  of  the  local  semispan  for  all  chordwise 
stations.  It  should  also  be  noted  that  for  M®  =  0.60,  Cj  =  -1.29  which  is  very  close  to 
Muylaert's  (Ref.  21)  measured  value  of  Cp  at  the  suction  maximum  (-1.20  upstream  of  the 
50%  chordwise  station).  The  supersonic  flow,  having  to  pass  through  a  "throat"  formed  by 
the  vortex  sheet  and  the  wing  surface  (Fig.  19)  is  compressed  and  a  conical  shock  wave  is 
formed  beneath  the  vortex  as  sketched  in  figure  21.  The  existence  of  this  shock  cannot 
be  directly  shown  from  the  surface  pressure  measurements,  since  the  spanwise  pressure  dis¬ 
tribution  is  a  result  of  both  the  vortical  flow  and  the  shock.  However,  the  observed 
compressibility  effects  in  the  vortex  structure  (i.e.,  deficit  in  axial  velocity  and 
asymmetry  in  both  the  axial  and  the  tangential  velocities)  can  be  considered  as  conse¬ 
quences  of  this  shock  wave.  It  can  be  argued  that  the  low  circumferential  velocities,  v, 

observed  outboard  of  the  vortex  axis  are  due  to  the  presence  of  this  shock  wave  which  pro¬ 
duces  an  abrupt  reduction  in  the  velocity  component  normal  to  the  shock  as  shown  in 
figure  21,  where  this  component  becomes,  after  a  90°  tern,  the  measured  circumferential 
velocity,  v.  Due  to  the  strong  coupling  between  velocity  components  and  pressure  gradients 
in  the  Nav i er-Stokes  equations  describing  the  vortex,  there  is  a  marked  change  in  the  vor¬ 
tex  structure,  which  results  in  the  axial  velocity  deficit  and  the  presence  of  strong 
spanwise  axial  velocity  gradients.  The  exact  cause  of  this  change  cannot  be  fully  under¬ 
stood  without  a  further  theoretical  investigation  of  the  compressible  vortex.  Our  con¬ 
clusion  of  an  embedded  shock  wave  could  also  explain  the  flattening  of  the  pressure  dis¬ 
tributions  with  increasing  M®  measured  by  Stahl  et  al.,  (Ref.  14)  as  well  as  by  Muylaert 
(Ref.  19).  The  shock  interacts  with  the  upper  surface  ooundary  layer,  causing  a  secondary 
separation.  Furthermore,  the  observed  decrease  in  circumferential  component  at  M®  =  0.80 
results  In  a  loss  in  vortex  circulation  and  consequently  (Ref.  6)  the  vortex  is  closer 
to  the  wing  surface  than  at  low  speed,  in  agreement  with  our  observations  of  vortex  axis 
position.  It  should  be  recalled  that  the  approach  of  the  vortex  axis  to  the  wing  surface 
for  increasing  M®  has  been  observed  also  by  Stanbrook  and  Squire  (Ref.  9).  If  the  distance 
of  the  vortex  axis  from  the  wing  surface  decreases  with  increasing  M®  ,  but  its  spanwise 
location  is  constant,  then  obviously  the  vortex  sheet  will  appear  to  flatten  with  increas¬ 
ing  M®.  We  can  therefore  propose  the  following  modification  of  the  Stanbrook-Squire  dia¬ 
gram,  shown  in  figure  22  :  Inside  their  region  A,  there  exists  a  flow  sub-region  Aj  which 
is  characterized  by  the  existence  of  an  embedded  conical  shock  wave  beneath  the  vortex. 

In  this  region,  the  vortex  flow  is  modified  by  the  shock  which  represents  the  first 
effect  of  compressibility  on  the  delta  wing  lee  side  flow.  In  other  words  sub-region 
is  the  intermediate  step  for  the  transition  of  the  separated  flow  of  region  A  to  the 
attached  flow  of  region  B. 

6.  CONCLUSIONS 

An  experimental  investigation  of  the  lee-side  vortical  flow  about  a  delta  wing  at 
incidence  for  Mach  numbers  up  to  0.80,  has  been  carried  out  using  laser  doppler  veloti- 
metry.  It  was  found  that  the  axial  velocity  excess,  observed  at  low  speed  becomes  a 
deficit  for  M®  >  0.60.  Furthermore,  asymmetries  were  found  in  the  distributions  of  both 
the  axial  and  the  circumferential  velocity  for  M^  ■  0.80.  These  results  suggest  the 
appearance  of  a  conical  shock  wave  below  the  primary  vortex  as  being  the  main  flow  feature 
responsible  for  the  observed  compressibility  effects. 
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Fig.  I  -  Flow  regimes  about  a  delta  wing  at  high 
speed,  following  Stanbrook  and  Squire  {Ref.  9) 


Fig.  2  -  Spanwise  suction  distribution  on  delta 
wing  at  constant  incidence  and  Reynolds  number 
for  varying  Mach  numbers  (Ref.  14) 
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Fig.  4  -  Delta  wing  model  used  In  the  present  tests 


Fig.  3  -  Axial  (u)  and  tangential  (v)  velocity 
d1strJbut1ons  In  a  compressible  vortex  for 
various  Mach  numbers  according  to  Brown  (Ref.  20) 
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Fig.  5  -  Schematic  of  LDV  system  used  during  this  study 


Fig.  7  -  Coordinates  system  associated  to  the  vortex 
and  measured  velocity  components  u  and  v  (AB  *  YD) 
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Fig.  6  -  Measured  diameter  distribution  for 
the  seeding  oil  particles 
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Fig.  8  -  Dependence  of  the  particle  radial  (wp)  and  Fig.  9  -  Axial  and  tangential  velocity  distributions 
tangential  (vp)  velocity  on  the  particle  diameter  in  the  Hall’s  vortex  used  as  test  case  for  the  study 

{cp3103  kg/m3)  for  the  case  of  a  forced  vortex  of  three  dimensional  particle  behaviour 

(>,-30000  rad/s) 


Fig.  14  -  Axial  velocity  distribution  for  H  •  0.71  at  tht 
SOX  chordwlst  station 


Fig.  15  -  Axial  velocity  distributions  for  *  0.13  Fig.  16  -  Axial  velocity  distribution  for  M  •  0.80 
at  various  chordwise  stations  **  at  various  chordwlse  stations  (the  sane  sjwbols  as 

in  Fig.  15  were  used) 
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Fig.  19  -  Tangential  velocity  distributions  for  Vl/S(«i> 

=  0.18  and  0.80  at  the  50*  chorduise  station 

Fig.  20  -  Spanwise  pressure  distributions  on  the 
upper  side  of  the  delta  wing  of  this  study  at  a  -  10° 
and  M  *  0.79  at  various  chordwise  stations  (Ref.  19) 
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lifting  pressure  coefficient 
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stre&mvise  chord 

flap  chord  measured  normal  to  wing  leading  edge 


reference  chord,  mean  aerodynamic  chord  primarily  used 

section  vortex  lift 
q.  c 


section  vortex  lift  coefficient, 

section  normal  force  coefficient 


section  normal  force 

q.c 


section  profile  nose  drag  coefficient,  prom?  nose  drag 

q.c 


section  leading-edge  suction  force  coefficient. 


section  suction  force 


section  thrust  coefficient, 


section  thrust 

q-  c 

diameter  of  the  pumped  vortex  suction  apparatus 


distance  of  flap  hinge-line  from  wing  leading  edge 
unit  edge  vector 
force  vector 

acceleration  due  to  gravity 

vertical  distance  between  inlet  centerline  of  the  pumped  vortex  suction 
apparatus  and  wing  chord  plane 

CL 

lift-drag  ratio,  «— 

distance  along  the  leading  edge  from  apex  to  centroid  of  spanwlse  suction 
distribution  inboard  of  its  peak  value,  see  figure  10 

Mach  number 


mass  flow  rate 

unit  normal  vector 

pressure;  also,  roll  rate,  rad/sec 

dynamic  pressure 

Reynolds  number  based  on  c 

streamwise  distance  from  the  leading  edge  to  vortex  action  point,  identified 
with  the  rotated  suction  force;  also  leading-edge  radius  normal  to  edge 

reference  area,  usually  projection  of  wing  with  LB  and  TE  extended  to  center- 
line 

distance  along  surface;  also,  local  aemlspan 

maximum  thickness  ratio 

velocity 

total  velocity  vector 

coordinate  axes  centered  at  the  leading  edge  apex 

distance  from  the  coordinate  origin;  x  positive  downstream,  y  positive  toward 
right  wing,  z  positive  upward 

fractional  distance  along  the  local  chord 

fractional  distance  along  the  root  chord 

centroldal  location  of  the  suction  distribution  existing  between  Its  Inboard 
origination  point  and  the  peak  value,  see  figure  10 

fraction  of  local  semispan 
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angle  of  attack,  degrees 
angle  of  sideslip,  degrees 


jump  in  quantity  across  singularity  surface,  or  jump  In  quantity  between  two 
networks 

flap  deflection  angle  In  plane  normal  to  hlnge-llne,  positive  downward,  degrees 

strake  anhedral  angle,  positive  downward,  degrees  « 

fraction  of  wing  semispan 

fraction  of  strake  semispan 

leading-edge  sweep  angle,  degrees 

hlnge-llne  sweep  angle,  degrees 

c. 


wing  taper  ratio,  — 
cr 

surface  vortlclty  vector 
density  of  fluid 
perturbation  velocity  potential 
«  oscillation  frequency 

Subscripts 
a  attainable 

BD  vortex  breakdown 

1  inlet  of  pumped  vortex  suction  apparatus 

av  average 

d  design 

exp  experimental 

h  hinge-line 

t  lower 

max  maximum 

N  normal 

p  potential  or  attached  flow 

r  root;  also  residual 

ref  reference 

a  separation 

t  tip;  also,  theory 

tot  total 

u  upper 

V  vortex 

vac  vacuum 

xx.yy.zz  second  partial  derivative  with  respect  to  x,y,z,  respectively 
z  z-component 

o  value  it  •  0 

1  first  order  expansion  In  perturbation  quantities 

2  second  order  expansion  In  perturbation  quantities 

•  freest ream 
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Abbreviations 

AD  analytically  designed 

BL  butt  line 

PVS  Free  Vortex  Sheet 

LE  leading  edge 

LEE  leading-edge  extension 

MS  model  station 

QVLM  Quasi-Vortex  Lattice  Method 

R.F.  Related  Flow 

SA  Suction  Analogy 

SE  side  edge 

SF  Separated  Plow 

3-D  three-dimensional 

TE  trailing  edge 

VL  .ortex  Lift 

VLM  Vortex  Lattice  Method 

VORCAM  Vortex  Flow  Aerodynamics  for  Cambered  Wing  (Lan) 


introduction 


Leading-edge  vortex  flows  occur  naturally  on  many  aircraft  types  during  all  or 
portions  of  their  flight  envelopes.  The  Interaction  of  this  flow  with  a  neighboring 
surface  may  be  favorable  or  unfavorable,  depending  upon  the  part  of  the  airplane 
Involved,  Its  geometry  and  orientation.  If  the  Interaction  Is  unfavorable,  then  the 
designer  must  try  to  eliminate  or  work  around  the  problem;  however.  If  It  Is  favorable, 
then  the  designer  has  at  his  disposal  another  useful  flow  to  utilize  In  his  design  and 
trade  studies.  Examples  of  such  favorable  Interactions  are  found  on  the  Concorde  and 
F-16.  The  Concorde  was  designed  to  have  vortex  flow  under  all  flight  conditions 
(ref.  1),  whereas,  the  P-16  mainly  develops  vortex  flow  during  maneuver  (ref.  2),  as 
seen  In  figure  1. 

There  has  been  a  considerable  effort  expended  by  many  researchers  to  understand 
this  flow  for  about  40  years  (ref.  3)  with  the  aid  of  both  experimental  and  theoretical 
guidance.  One  of  the  early  efforts  was  associated  with  the  NACA-Langley  test,  conducted 
In  1946,  of  a  thick  60-degree  diamond  wing  having  a  round  leading  edge,  designated  the 
DM-1  glider  by  Its  German  builders.  A  qualitative  understanding  was  provided  by  the 
theoretician  S.  Katzoff  (ref.  4)  regarding  the  type  of  flow  this  vehicle  should  develop, 
whereupon  the  experimenters  Tilson  and  Lovell  (ref.  5)  set  about  to  achieve  It.  Their 
approach  was  to  add  a  device  to  the  leading-edge  which  would  generate  a  stable  vortex 
system,  energize  the  upper  surface  flow,  and  produce  an  increase  In  the  maximum  lift. 
They  were  successful.  Since  then,  leading-edge  vortex  flows  have  come  under  Increased 
scrutiny  In  the  principal  aerodynamic  facilities  throughout  the  world.  In  particular, 
the  development,  structure,  and  Interactions  with  neighboring  surfaces  of  vortex  flows, 
as  well  as  attempts  to  model  portions  of  their  character  theoretically,  have  been 
documented  In  various  separate  reports  and  conference  proceedings,  such  as  references  6, 
7,  and  8.  Among  the  more  familiar  names  associated  with  the  experimental  work  are 
Lambourne  and  Bryer  (ref.  9),  Peckham  (ref.  10),  end  Squire  (ref.  11)  of  the  U.K.,  Werle 
(ref.  12)  of  Prance,  Hummel  (ref.  13)  of  the  F.R.G.,  and  Skow  and  Erickson  (ref.  14), 
Manro  (ref.  15),  Chambers  (ref.  10),  and  Rao  (ref.  17)  of  the  U.S.A.  Some  of  the  more 
familiar  names  associated  with  the  theoretical  work  are  Brown  and  Michael  (ref.  18), 
Levinsky  and  gel  (ref.  19),  Polhamus  (ref.  20),  Hook  and  Maddox  (ref.  21),  Brune,  et  ml. 
(ref.  22),  and  Kandll  (ref.  23)  of  the  U.S.A. ,  Oersten  (ref.  24)  of  the  F.R.G., 

Legendre  (ref.  25),  and  Rehbach  (ref.  26)  of  Prance,  Kuchemann  (ref.  27),  Mangier  and 
Smith  (ref.  28),  and  Hall  (ref.  29)  of  the  U.fC.,  Hoeljmakers  and  Bennekers  (ref.  30)  of 
the  Netherlands,  and  Belotserkovskl l  (ref.  31)  of  the  USSR.  This  list  Is  not  Intended 
to  be  complete.  Other  significant  contributors  In  vortex  flow  aerodynamics  have  Invited 
or  chosen  papers  In  this  symposium. 

At  the  1978  AGARD  meeting  In  Norway  In  which  high  angle-of-attack  aerodynamics  was 
the  focus,  several  of  the  preceding  methods  were  discussed  in  the  paper  by  Lamar  and 
Luckring  (ref.  32)  of  the  NASA-Langley  Research  Center.  It  Is  the  Intent  of  this  paper 
to  review  the  vortex-f low-aerodynamics  research  undertaken  or  sponsored  by  NASA-Langley 
since  the  1978  conference  and  provide  specific  details  In  order  to  highlight  the  extent 
of  the  effort  (see  fig.  1).  The  breadth  of  the  research  activity  covers  theory 
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extensions,  validations  and  applications,  with  configuration  design  being  a  particular 
goal.  In  addition,  an  ambitious  experimental  effort  has  been  undertaken,  across  a  broad 
front,  to  ascertain  the  phenomenological  aspects  of  certain  nee  and  novel  configura¬ 
tional  and  flow  augmentation  concepts  which  are  not  fully  modeled  by  existing 
theories.  Pinal ly,  an  assessment  of  the  future  needs  in  this  area  of  work  is  provided 
for  Interested  researchers  to  consider. 


THEORETICAL  METHODS  EXTENDED 


In  this  chapter,  the  four  theoretical  methods,  (one  conical-  and  three  non-conical- 
flow  types)  discussed  in  reference  32  have  been  reexamined  from  the  viewpoint  of  deter¬ 
mining  the  extensions  needed  to  yield  improved  analysis  and/or  design  capability.  These 
methods  are  shown  in  figure  2.  The  conical-flow  method  is  based  on  Smith's  model  (ref. 
33),  and  the  non-conical-f low  methods  are  based  on  the  suction  analogy  model  of  Polbamus 
(ref.  20),  the  free-vortex  filament  model  of  Mehrotra  and  Lan  (ref.  34)  and  the  Pree 
Vortex  Sheet  model  of  Johnson,  et  al.  (ref.  35).  The  extensions  to  each  will  now  be 
discussed  in  that  order. 

CONICAL-PLOW  EXTENSIONS 

Conical-flow  theories  continue  to  be  of  use,  primarily  in  providing  a  datum  from 
which. to  judge  non-conlcal  effects.  In  order  to  compare  Smith's  conical-flow  theory  to 
the  Pree  Vortex  Sheet  theory.  Luckring  (ref.  36)  extended  the  Smith  formulation  (fig.  3) 
to  include  the  trigonometric  effects  of  the  a  variation,  important  at  high  a,  in  the 
boundary  conditions  (except  for  one  term  associated  with  the  free  sheet)  and  evaluated 
the  pressure  with  the  full  isentroplc  expression.  The  omitted  free  sheet  boundary 
condition  could  not  be  readily  Implemented  in  the  referenced  study.  These  modifications 
have  led  to  a  method  called  the  modified  conical  flow.  In  addition,  research  is  under 
way  to  estimate  secondary  vortex  separation  with  the  Smith  conical  flow. 

SUCTION  ANALOGY  EXTENSIONS 

Due  to  the  ease  of  use  and  generally  acceptable  overall  estimates  of  forces  and 
moments,  the  Polhamus  suction  analogy  continues  to  be  heavily  utilized  by  research  and 
developmental  engineers.  Purthermore,  because  of  its  success,  ways  have  been  sought  and 
found  to  extend  its  usefulness  even  to  heretofore  unmodeled  areas.  Figure  4  shows  the 
general  categories  of  analysis  and  design,  as  well  as  specific  details,  associated  with 
these  extensions  which  have  occurred  primarily  in  the  last  4-5  years.  (It  should  be 
pointed  out  that  the  suction  analogy  is  not  associated  with  any  particular  potential 
flow  method.  However,  at  Langley,  there  is  one  which  has  been  coupled  with  the  suction 
analogy  to  produce  a  greater  wealth  of  generated  results  and  accompanying  reports,  and 
therefore  it  is  more  commonly  known,  i.e.,  the  VL1I-SA  code  by  Lamar  and  Gloss 
(ref.  37).) 


Analysis 

This  section  deals  with  the  technology  items  or  extensions  in  which  most  of  the 
recent  research  activity  has  been  centered.  There  is  a  further  delineation  by  flow 
type,  steady  or  unsteady,  with  the  steady  ones  being  considered  first. 

Steady  Plow 

By  far  the  most  progress  in  extending  the  suction  analogy  concept  in  steady  flow 
has  been  centered  in  treating  (1)  more  complex  geometries,  i.e.,  cranked  and  cambered 
wings,  (2)  more  realistic  flow  situations,  i.e.,  vortex  core  movement  and  breakdown, 
initiation  of  separation  wings  with  round  leading-edges,  and  (3)  supersonic  speeds. 

These  will  be  discussed  in  order. 

Complex  geometries.-  Plgure  5  shows  the  manner  in  which  vortex  flows  on  complex 
configurations  can  be  represented  using  the  suction  analogy  and  augmented  vortex  flow 
concepts  at  both  high  and  low  values  of  a.  This  figure,  based  on  one  presented  in 
reference  32,  shows  the  modeling  employed  in  the  VLM-SA  which  continues  to  be  used  for 
estimating  the  aerodynamic  characteristics  of  strake-wing  configurations,  as  demon¬ 
strated  in  reference  38. 

Cambered  wings.-  Vortex  flows  and  their  effects  on  cambered  wings  are  of  Increasing 
importance  due  to  emphasis  on  vortex  flow  control  devices,  such  as  deflected  flaps,  in 
the  wing  leading-edge  region.  Extensions  have  been  aade  to  the  Langley  VLM-SA  method  to 
account  for  these  cambered  wing  effects  (ref.  39).  Other  methods  have  also  been 
extended,  including  two  by  Lan,  one  which  uses  his  QVLM  method  as  a  potential  flow  baae 
(ref.  40)  and  the  other  which  uses  the  original  linearised  aerodynamics  of  Woodward 
(ref.  41)  as  above.  The  latter  method  Is  called  VOSCAM  (ref.  42). 

Vortex  action  point.-  Lan  has  also  modeled  the  effect  of  the  center  of  the  vortex, 
called  herein  the  vortex  action  point,  moving  In board /downstream  with  «  In  rwfareace 
43.  This  is  physically  correct  and  not  accounted  for  in  original  suction  analogy 
modeling  schemes.  In  these  earlier  schemes,  the  vortex  wan  assumwd  to  rwmals  along  the 
lending  edge  regardless  of  the  a  value,  and  is  reprsseated  by  th#  suction  fores  being 
rotated  normal  to  the  surface  and  applied  at  the  edge,  ae  depicted  la  figure  4.  The 
vortex  action  point  movement  produces  no  aerodynamic  effects  for  a  planar  slag,  but  for 
a  cambered /twisted  wing  there  will  be  differences.  They  art  associated  with  the  local 
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mean-camber  slope  varying  along  the  chord,  thereby  causing  the  local  contributions  to 
lift  and  drag,  calculated  fro*  the  suction  force,  to  differ  from  earlier  results.  This 
can  be  understood  by  examining  the  right-hand  sketch  in  figure  6,  taken  froai 
reference  43. 

Lan’s  concept  was  derived  by  comparing  measured  vertical  velocltes  present  near  the 
wing  leading  edge  with  those  associated  with  potential  flow.  The  difference  Is  attri¬ 
buted  to  the  action  of  the  vortex  system  and  its  magnitude  based  on  data  for  one  wing  at 
one  value  of  a  and  was  determined  to  be  V^/2.  Prom  this  concept  he  developed  a 

st Teamwise  flow  model  which  has  the  characteristics  outlined  in  the  left  and  center 
sketches  of  this  figure.  The  basic  assumption  is  that  the  exchange  of  linear  momentum 
into  and  out  of  a  control  surface  of  length  Sr  would  be  Just  balanced  by  the  section 
leading-edge  suction  force.  Physically,  it  says  that  the  force  required  to  keep  the 
control  surface  from  moving  away  from  the  wing,  due  to  the  linear  momentum  exchange,  Is 
just  balanced  by  an  additional  force  on  the  wing.  These  forces  are  both  caused  by  a 
suction  pressure  present  above  the  wing  and  leads  to  r  ■  cac.  The  sketch  at  the  right 
shows  the  reorientation  of  the  suction  force  due  to  the  movement  of  the  vortex  action 
point. 

Round  LE  simulation.-  For  a  round  leading-edge  wing,  not  all  of  the  suction  force 
is  converted  into  an  additional  lift  when  the  flow  separates.  Some  of  it  remains  as  a 
"residual"  suction  force  that  acts  in  the  plane  of  the  leading  edge.  Polhamus  showed 
for  uncambered  wings  in  the  late  1960's  (published  with  permission  later  by  Kulfan  in 
ref.  44)  that  there  was  experimental  evidence  to  demonstrate  the  sum  of  the  residual 
leading-edge  suction  and  vortex  normal  force  to  be  essentially  the  same  as  the 
theoretical  value  of  the  thin-wlng  leading-edge  suction.  Pigure  7  shows  one  example 
prepared  by  Polhamus  from  the  data  of  reference  45  for  an  A  -  1  delta  with  a  round 
leading  edge  and  t/c  *  0.10,  which  supports  the  preceding  statement.  The  sketch  on  the 
left  illustrates  the  forces  involved,  and  the  equation  at  the  bottom  shows  the  algebraic 
relationship.  Henderson,  in  reference  46,  later  demonstrated  experimentally  that  there 
was  evidence  to  render  this  statement  true  over  a  wide  Reynolds  number  range. 

The  two  main  methods  of  simulating  the  effect  of  round  leading  edges  use  this 
Polhamus  concept  as  a  basis  for  determining  the  vortex  forces;  however,  they  differ 
widely  in  the  basic  assumptions  and  computational  procedures.  Kulfan  (ref.  44)  uses  a 
theoretical  procedure  for  determining  the  vortex  normal  force,  then  employs  the  equation 
in  figure  7  to  find  the  residual  suction;  whereas,  Carlson,  et  al.  (refs.  46  and  47)  use 
empirical  formulas  to  determine  the  residual  suction  at  supersonic  and  subsonic  speeds, 
then  employ  this  equation  to  determine  the  vortex  normal  force. 

Kulfan 's  procedure,  developed  in  a  Boeing  research  effort,  is  depicted  in  figure 
8.  It  is  based  on  the  assumptions  that  (1)  the  airfoil  nose  section  is  parabolic  and 
(2)  separation  begins  wherever  the  local  value  of  theoretical  leading-edge  suction 
exceeds  the  parabolic  nose  drag  value,  c^.  The  vortex  and  its  associated  normal  force 
are  assumed  to  occur  when  the  local  angle-of-attack  exceeds  that  required  for  local 
separation,  <*8,  and  to  be  proportional  to  sin2  (a  -  a8). 

Carlson  assumes  that  the  thrust  at  the  leading  edge  is  limited  by  the  amount  of 
pressure  that  can  be  attained  there.  An  example  of  how  the  limiting  pressure  can  reduce 
the  leading-edge  thrust  to  its  "attainable"  value  la  shown  on  figure  9.  Here  the 
limiting  pressure  is  vacuum  and  its  Impact  can  be  clearly  seen  with  increasing  a  or 
theoretical  section  thrust  coefficient,  ct.  (Note,  if  the  limiting  pressure  were  «*, 

would  be  1.00  for  all  values  of  e  . )  By  analyzing  airfoil  data,  Carlcor 

correlated  the  experimental  residual  thrust  with  normal  Mach  number,  airfoil  thickness 
and  leading-edge  radius  ratios,  and  limiting  pressure.  The  proper  values  for  limiting 
pressure  were  determined  empirically  from  an  airfoil  data  base  that  covered  a  wide  range 
of  Mach  and  Reynolds  numbers.  This  procedure  la  extended  to  wings  by  using  simple  sweep 
theory. 

<igD  criteria.-  Lan  in  reference  49  has  developed  a  correlation  between  the 

centroid  of  the  Inboard  portion  of  the  leading-edge  suction  distribution  and  the  onset 
of  vortex  breakdown  at  the  wing  trailing  edge  for  a  variety  of  simple  planforms.  Pigure 
10  shows  the  y  centroids 1  location,  yc,  projected  to  the  wing  leading  edge.  Prom 

that,  the  distance  along  the  edge,  l  ,  Is  normal laed  by  wing  semispan  to  provide  the 
data  in  a  format  which  can  be  represented  by  a  least-square  averaged  curve,  as  shown  at 
the  right.  This  curve  has  been  expressed  as  a  unique  function  of  l  . 

Further,  Lan  used  the  delta  wing  data  of  Ventn  (ref.  50)  to  develop  an  equation  for 
the  progressive  forward  movement  of  vortex  breakdown  point  on  the  wing  in  term*  of 
the  a  above  that  for  at  the  trailing  edge.  Re  has  applied  these  ideas  to 

determine,  In  particular,  the  higher  a  longitudinal  and  lateral  aerodynamics 
characteristics  of  wings  In  reference  49. 

Supersonic  speeds.-  Tbs  suction  analogy  has  been  extended  to  supersonic  speeds  by 
Lan  In  reference  43  by  using  the  original  Voodward  linearised  aerodynamics  as  a  base  In 
order  to  produce  a  program  called  VORCAM  (ref.  42).  In  addition,  a  means  of  accounting 
for  tbs  a  delay  for  sharp-edged  wings  developing  supersonic  vortex  lift  has  been 
formulated  and  incorporated  Into  this  code. 
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Unsteady  Plow 

Lan  In  reference  51  has  extended  the  suction  analogy  to  unsteady  flow  by  coupling 
the  Unsteady  QVLM  method  (ref.  52)  with  the  idea  of  "vortex  lag,”  Vortex  lag  is 
associated  with  the  phase  lag  angle  that  exists  between  the  wing  motion  and  the  buildup 
of  the  vortex  strength  at  the  leading  edge.  Lan  determined  the  phase  lag  angle  and  with 
that  was  able  to  estimate  the  unsteady  suction  force,  and  hence  the  vortex  flow 
aerodynamics. 


Design 

Two  kinds  of  design  capabilities  are  considered  herein,  as  shown  on  the  right  of 
figure  4.  The  first  is  associated  with  developing  the  proper  mean  camber  surface  to 
utilize  vortex  flows  for  a  fixed  planform,  and  the  second  is  associated  with  developing 
the  appropriate  planform  shape.  The  latter  effort  is  generally  associated  with 
obtaining  a  planform  which  will  generate  a  stable  leading-edge  vortex  flow.  (The  idea 
for  using  these  flows  in  a  design  luode  is  not  new,  i.e.f  refs.  53  and  54.) 

Mean  Camber 

There  are  two  ways  in  which  mean  camber  solutions  have  been  obtained  recently  for 
wings  develoning  vortex  flows:  manual-  and  numerical-optimization.  Both  are  seen  on 
this  figure  to  involve  a  number  of  iterations  between  the  optimization  (manual  or 
numerical)  and  analysis  module. 

Manual  optimization.-  A  cranked  planform  selected  for  a  Joint  NASA-General  dynamics 
study  was  "the  first  configuration  to  be  optimized  manually  (parametrically)  in  which 
both  the  vortex-flow  aerodynamics  and  the  structural  constraints,  associated  with  the 
wing  box,  were  taken  into  account.  For  this  wing,  called  the  Pre-Scamp,  additional 
assumptions  were  made  regarding  the  leading-edge  vortex  Bystem.  It  was  assumed  that  at 
each  spanwise  station  only  one  vortex  system  would  be  present  and  that  It  would  be  of  a 
small  diameter,  not  be  shed  inboard  of  the  tip,  and  only  begin  to  come  into  being  on  the 
upper  surface  as  the  design  is  approached.  The  design  conditions  sought  for  the 

cranked  wing,  shown  In  figure  11,  were  CL  d  *  0.5  and  Md  *  0.9.  In  addition,  a  roof¬ 
top  ACp  distribution  (uniform  to  x/c  ■  0.7,  decreasing  thereafter  linearly  to  zero  at 

the  trailing  edge)  was  initially  specified  along  the  chord.  It  should  be  noted  further 
that  the  resulting  initial  solution  for  the  span  load  from  the  VLM  attached-flow-design 
code  (ref.  55)  was  elliptical.  In  keeping  with  minimum  induced  drag  considerations. 

The  preceding  conditions  led  to  the  smooth  onflow  Incidence  distribution  for  the 
”wing  box."  The  term  "wing  box"  incidence  refers  to  the  inclination  of  the  center 
portion  of  the  wing  chord;  for  this  study  it  is  assumed  to  lie  between  15  and  75  percent 
of  the  local  wing  chord.  An  extreme  variation  of  structural  box  twist  from  the  side  of 
the  fuselage  to  the  tip,  shown  in  reference  56,  was  required  for  the  smooth  onflow 
Initial  solution,  which  would  be  impractical  for  any  real  aircraft  configuration.  In 
order  to  provide  a  more  practical  design  from  structural  and  aerodynamic  standpoints,  a 
different  box  incidence  distribution  was  used.  Here  the  structural  box  remains  at  an 
essentially  constant  incidence  and  is  only  twisted  over  the  outermost  15  percent  of  the 
semispan. 

The  camber  ahead  of  the  wing  box  (15-percent  chord)  was  represented  by  five  equal- 
semlspan,  cambered,  leading-edge  flap  segments  whose  deflection  angles  were  adjusted 
parametrically  while  monitoring  the  VLM-SA  drag  level.  Though  these  levels  were  opti¬ 
mistic,  they  were  considered  reliable  In  estimating  the  proper  trend  of  lowering  drag 
with  flap  deflection  angle.  After  a  set  of  angles  was  obtained  about  the  15-percent 
chord  line  which  produced  a  minimum  drag  value,  the  resulting  camber  was  smoothed  and 
the  process  was  repeated  about  the  2.5-percent  chord  line.  These  smoothed  camber  lines 
are  shown  in  reference  56  where  they  are  designated  as  the  final  designed  camber. 

In  order  to  apply  this  camber  to  the  wing,  two  things  were  done.  Tbe  first  was  to 
shift  the  local  camber  distribution  vertically  to  provide  a  constant  elevation  along  the 
wing  midchord.  The  second  was  to  match  the  fuselage  incidence  to  the  final  inboard 
wing  Incidence  to  provide  an  even  wing-fuselage  juncture.  (Note  that  d  occurs  at 

an  a  of  *  9.4°.)  Photographs  of  the  designed  wing  mounted  on  an  existing  fighter 
fuselage  appear  on  figure  11. 

For  the  final  camber,  the  VLM-SA  code  indicated  that  CL  d  occurred  at  s  wing 
slightly  larger  than  that  required  for  smooth  onflow  all  across  the  span.  If  this  flow 

characteristic  Is  obtained  in  the  actual  test,  then  the  model  should  enable  a  large 
amount  of  the  available  leading-edge  suction  to  be  recovered  at  the  design  point.  Use 
of  the  leading-edge  vortex  to  recover  suction  also  provides  tbs  mechanism  for 
reattaching  the  flow  aft  of  tbe  ehoulder  of  the  forward  camber. 

Comparisons  between  the  wind-tunnel  data  for  this  designed  wing  and  estimates  mads 
with  tbe  VLM-SA  method  are  shown  In  the  next  chapter. 

Numerical  optimisation Numerically  optimised  solutions  using  VLM-SA  and  tbs 
optimizer  C&NNIN  ( reiT  ^*7 )  wars  shown  la  refersnce  32.  Since  then,  Chang  and  Lan 
(ref.  58)  have  coupled  the  VORCAM  program  with  the  COtfMIN  optlmlser  to  determine  mean 


camber  shapes  at  both  subsonic  and  supersonic  speeds.  This  method  allows  for  the 
introduction  of  geometrical  constraints,  such  as  twist  and  camber  progression,  into  the 
problem  along  with  the  necessary  aerodynamic  ones.  Solutions  are  sought  that  yield 
minimum  drag  without  violating  any  of  the  constraints. 

Planform 

Figure  4  shows  there  to  be  two  types  of  planform  shapes  which  are  considered 
herein;  that  of  the  strake  and  vortex  flap.  Both  are  associated  with  the  wing  and 
either  enhance  or  control  the  wing  leading-edge  flow,  as  appropriate. 

Strakes.-  Reference  59  describes  a  correlation  that  was  found  to  exist  between  the 
stability  of  the  leading-edge  vortex  system  and  the  leading-edge  suction  distribution. 
Those  distributions  which  were  roughly  triangular  and  had  high  peaks  near  the  tip 
developed  stable  vortex  systems.  This  may  be  Interpreted  in  a  physical  sense  for 
separated  flows,  with  the  aid  of  the  leading-edge  suction  analogy,  in  that  they  are  more 
stable  for  shapes  which  have  higher  levels  of  separation  Induced  vortlclty  near  the  tip. 

However,  to  take  advantage  of  this  correlation  for  planform  design,  a  simplifi¬ 
cation  of  the  flow  field  was  necessary  in  order  to  be  able  to  solve  the  problem 
efficiently  for  the  planform  variables  in  terms  of  the  leading-edge  suction  distri¬ 
bution.  The  assumptions  employed  in  going  from  3-D  potential  flow  to  the  simplified 
flow  field,  called  "Related  Flow,"  are  given  in  figure  12.  Note  further  the  other 
assumptions  which  specifically  impact  the  resulting  planform.  It  is  Intended  that  these 
shapes  would  be  used  for  strakes  which  would  carry  their  isolated-planform  performance 
characteristics  from  "Related  Plow"  over  to  the  3-D  integration  with  a  wing-body 
configuration.  A  typical  resulting  shape  is  gothic,  as  indicated  in  this  figure. 

Vortex  flaps.-  In  the  Pre-Scamp  study,  the  planform  was  fixed  and  only  the  camber 
was  altered  to  take  advantage  of  the  leading-edge  vortex.  However,  if  this  constraint 
is  relaxed  and  a  leading-edge  hinged  flap  or  variable  camber  device  is  used,  the  combi¬ 
nation  of  planform  and  camber  variability  is  very  powerful  in  being  able  to  optimize  the 
configuration  over  a  wide  range  of  flight  conditions.  This  is  the  idea  behind  the 
vortex  flap,  a  special  kind  of  leading-edge  flap,  and  it  encompasses  the  principles 
presented  thus  far  in  the  design  section. 

FREE  VORTEX  FILAMENT  EXTENSIONS 

The  addition  of  free  vortex  filaments  by  Mehrotra  and  Lan  (ref.  34)  to  the  QVLM  of 
Lan  (ref.  40)  produced  the  QVLM-SF.  This  method  uses  discrete  vortex  filaments  which 
emanate  from  the  wing  leading  edge  and  bend  back  over  the  wing  to  represent  a  diffused 
vortex  system,  as  illustrated  in  figures  13  and  14.  This  system  can  be  used  to 
represent  either  a  full-  or  part-span  leading-edge  separation. 

Pao  and  Lan,  in  reference  60,  have  extended  the  QVLM-SF  method  by  introducing  a 
concentrated  vortex  core  model,  allowing  for  side-edge  vortex  separation,  and  permitting 
the  modeling  of  cranked  wings  with  two  vortex  systems.  Figure  14  shows  the  vortex 
filament  differences  in  the  two  different  QVLM-SF  methods.  Pao's  model  starts  out  with 
Mehrotra's  model  but  after  two  iterations  the  free  vortex  filaments  are  merged  into  the 
concentrated  core.  An  additional  consequence  of  using  the  concentrated  core  model  is 
the  reduced  cost  associated  with  solving  an  analytically  simpler  problem. 

FREE  VORTEX  SHEET  EXTENSIONS 
Near  Take 


The  Free  Vortex  Sheet  (PVS)  theory  continues  to  be  extended  to  more  complex  flow 
regimes  and  geometries,  as  Illustrated  in  figure  15.  The  governing  equation  and 
boundary  conditions  for  this  theory  are  illustrated  in  figure  16  (taken  from  ref.  36). 
They  are  based  on  higher-order  panel  technology  and  differ  from  attached  flow  methods  by 
virtue  of  the  more  complicated  boundary  conditions.  The  chief  difference  is  associated 
with  the  free  sheet  having  to  simultaneously  satisfy  both  the  no-load  and  no-flow 
boundary  conditions;  this  renders  the  subject  problem  nonlinear.  A  second  difference  is 
associated  with  the  near  wake  boundary  condition.  This  condition  needs  to  be  satisfied 
to  second  order  accuracy  In  order  to  obtain  correct  results.  The  effect  of  this  near¬ 
wake  model  (fig.  17)  Is  to  decrease  the  wing  loads  near  the  trailing  edge  which  will 
Impact  total  normal  force,  pitching  moment,  and  root  bending  moment.  The  higher  order 
near  wake  is  physically  more  realistic  than  the  lower  order  formulation  and  generally 
agrees  better  with  experiment. 


Multiple  Abutment 

A  recently  developed  version  allows  for  the  multiple  abutment  of  network  edges  and 
the  resulting  correct  treatment  of  multiple  vortices.  This  capability  must  be  used  In 
modeling  strake-wlng  or  cranked-wing  vortex  flows  where  the  Inboard  vortex  tears  away 
from  the  leading  edge  and  persists  downstream  over  a  lifting  surface.  See  figure  18 
taken  from  reference  61.) 


VAL I DAT I ON /APPLICATION  OP  THEORETICAL  METHODS 

With  the  theoretical  methods  of  Interest  now  established,  the  purpose  of  this 
chapter  is  to  show  comparisons  with  additional  or  new  data,  taken  fro*  critically 
designed  experiments,  in  order  to  validate  the  non-conlcal  flow  solutions  beyond  those 
of  reference  32.  These  experimental  data  are  not  necessarily  associated  with  analyti¬ 
cally  designed  models,  but  are  for  configurations  at  appropriate  attitudes  to  generate 
the  dominate  vortex  flow  field  modeled  by  the  respective  theories.  By  using  this 
comparison  process,  a  range  of  validity  of  the  methods  can  be  partially  established.  It 
can  only  be  established  partially  because  of  the  large  investment  needed  in  personnel 
and  computer  resources  to  examine  the  entire  range  of  geometrical  and  flow  options 
available  for  any  particular  method. 

The  validation  and  application  comparisons  are  outlined  in  figure  19.  They  are 
seen  to  include  forces  and  moments,  surface  pressures,  and  vortex  core  location. 

Specific  examples  for  simple  and  complex  geometries  will  be  shown  and  others  cited. 

FORCE  AND  MOMENT-LONGITUDINAL 
Delta  Wings 

The  effects  estimated  for  delta  wings  include:  wings  with  round  leading  edges, 
compressibility,  spanwlse  camber,  and  vortex  flaps.  They  are  discussed  in  order. 

Round  Leading  Edge 

Two  different  suction  analogy  extensions  were  outlined  in  the  last  chapter  to 
estimate  the  vortex  flow  aerodynamic  characteristics  on  round-edged  wings.  The 
concept /method  of  Kulfan  has  been  used  herein  and  the  results  are  shown  in  figures  20 
and  21  for  the  same  60°  delta  wing  having  an  NACA-0012  airfoil. 

Figure  20  shows  three  different  theoretical  curves  for  the  round-edged  wing;  one 
each  by  Lan  and  Lamar,  and  the  original  method  by  Kulfan.  Lan  and  Lamar  have  taken 
Kul fan’s  concept  and  Implemented  it  for  the  round-edged  wing  in  undocumented  versions  of 
the  QVLM-SA  and  VLM-SA  codes,  respectively.  The  mathematical  basis  for  their  formula¬ 
tions  is  slightly  different  from  Kulfan's  and  rests  on  the  work  reported  by  Robinson  and 
Laurmann  in  reference  62.  A  comparison  is  offered  in  figure  20  between  the  three 
methods. 

As  can  be  seen  for  this  60°  delta  at  o  -  15°,  the  thin  sharp  airfoil  vortex  lift 
distributions  agree  well.  However,  this  is  not  true  for  the  round-edged  NACA-  0012 
airfoil.  Here  the  QVLM-SA  and  VLM-SA  methods  differ  significantly  from  that  of  Kulfan, 
at  inboard  locations,  indicating  marked  differences  in  the  computed  separation  angles. 

The  CL  data  from  reference  63  is  shown  at  the  right  of  figure  20  for  this  wing.  It 

1 8  interesting  to  note  that  excellent  agreement  with  the  data  is  obtained  by  Kulfan's 
method;  whereas,  the  other  two  methods  yield  similar  but  somewhat  higher  values.  How¬ 
ever,  there  are  more  flow  features  involved  than  Just  the  one  cited,  as  can  be  seen  on 
figure  21 . 

Here,  the  QVLM-SA  method  of  Lan,  incorporating  the  round-edge  effect  and  hie  vortex 
breakdown  criteria,  is  used  to  estimate  the  data  in  reference  49.  Vhen  both  effects  are 
used,  good  agreement  is  obtained  between  the  theoretical  and  the  experimental  results  of 
reference  63.  Hence,  by  reflecting  on  the  comparisons  shown  in  figure  20  for  C^, 
somehow  the  numerical  results  obtained  by  Kulfan  have  not  only  the  round  leading-edge 
effect,  but  that  of  vortex  breakdown  as  well.  Since  Kulfan  did  not  model  vortex  break¬ 
down,  his  results  are  striking  in  light  of  the  preceding  results  by  Lan.  This  whole 
area  of  round  leading-edge  modeling  requires  further  study.  The  pitching  moment  data 
are  seen  to  be  less  sensitive  to  these  additional  effects  due  to  the  delay  in  vortex 
formation  and  low  <»BD  keeping  the  wing  load  center  forward. 

Compressibility  Effects 

The  differences  in  the  aerodynamic  results  obtained  with  Smith's  conical  flow  model 
and  the  FVS  method  should  go  to  zero  as  Mo  ♦  1 ,  due  to  the  reduction  in  the  governing 

equation  and  the  diminished  effect  of  the  trai 1 lng-edge  Kutta  condition  in  the  FVS 
method.  However,  it  is  shown  in  figure  22  (ref.  36)  that  this  does  not  occur.  A  study 
of  the  compressibility  effects  from  this  figure  for  the  FVS  theory  and  the  data  of 
reference  04  showed  a  good  correlation  of  normal  force  and  pitching  moment  coefficients 
to  exist.  For  this  slender  wing  and  angle  of  attack,  the  vortex  flow  force  increments 
were  large,  compared  with  the  attached  flow  results  from  reference  37,  and  the  FVS 
theory  agreed  well  with  the  modified  conical  flow  theory  in  the  limit  as  Ma  ♦  1. 

Spanwlse  Camber 

Solutions  for  delta  wings  with  spanwlse  camber  have  been  obtained  for  both  subsonic 
and  supersonic  speeds  using  a  variety  of  methods  in  order  to  assist  the  validating 
process. 

Subsonic  speed.-  Reference  65  compares  the  data  from  the  seven  spanwlse  cambered 
wings  tested  by  Squire  (ref.  11)  with  converged  results  from  the  QVLM-8F,  FVS ,  and 
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VLM-SA  methods.  Converged  solutions  were  difficult  to  obtain  with  the  QVLM-SF  and  FVS 
methods,  so  primarily  the  VLM-SA  method  was  used.  The  results  reported  In  reference  65 
showed  the  VLM-SA  to  estimate  the  CL  and  ACD  well,  and  even  CB  at  values  of 

up  to  0.5.  Above  CL  of  0.5,  the  Cn  data  were,  in  general  more  positive  than  the 
VLM-SA  estimates,  and  better  predicted  by  the  FVS  converged  solutions. 

Supersonic  speed.-  Pigure  23,  taken  from  reference  43,  shows  an  example  of  the 
comparisons  made  with  the  VORCAM  code  and  data  (ref.  66).  These  results  for  a  delta 
wing  having  a  conical  leading-edge  flap  tested  at  M^  ■  1.4  highlight  an  important 

feature  of  this  code:  its  ability  to  model  geometries  and  Mach  numbers  of  continuing 
interest.  Furthermore,  its  vortex  flow  modeling  leads  to  slightly  better  agreement  with 
the  CL  and  CD  data  than  the  attached  flow  solution  assuming  full  leading-edge 
suction. 


Lower  Surface  Vortex  Flap 

Figure  24  (from  ref.  67)  presents  a  comparison  of  the  experimental  force  and  moment 
data  obtained  by  Rao  and  the  VLM-SA  and  FVS  theoretical  predictions  obtained  by  Frink. 
The  resulting  comparisons  are  shown  at  an  o  *  14°  and  M^  *  0.3  so  as  to  summarize  the 

effect  of  flap  deflection  on  the  coefficients.  Note  in  the  sketch  on  the  right  of 
figure  24,  that  there  are  differences  in  the  experimental  and  theoretical  geometries. 

In  particular,  the  geometry  used  for  the  theoretical  calculations  is  a  wing-alone 
configuration  where  the  cylindrical  fuselage  has  been  omitted  and  the  flap  hinge  line 
and  trailing  edge  are  extended  to  the  centerline.  (The  resulting  area  is  used  for 
reference  herein.)  Also  note  that  there  is  additional  area  in  the  apex  region  of  the 
r lap  on  the  theoretical  geometry.  These  modifications  were  necessary  to  obtain  solution 
deflections  up  to  20°.  Quantitatively,  the  two  theories  are  showing  an  overestimation 
of  lift  and  drag  for  flap  deflections  from  0®  to  30°  measured  normal  to  the  hinge  line. 
These  overestimations  initially  are  surprising  because  the  VLM-SA  generally  under¬ 
predicts  drag  on  cambered  configurations  since  the  suction  analogy  prescribes  the 
rotated  suction  vector  to  be  applied  at  the  leading  edge*  (These  VLM-SA  calculations 
were  performed  without  the  use  of  the  vortex  action  point  feature.)  However,  the 
excellent  qualitative  correlation  of  lift  and  drag  suggests  the  differences  may  be  a 
result  of  the  variance  In  geometry.  The  moment  coefficients  are  not  estimated  as  well 
as  the  forces  but  the  FVS  theory  exhibits  the  qualitative  behavior  of  the  data. 

Other  Vortex  Flaps 

Other  vortex  flap  arrangements  have  been  studied  with  the  FVS  method.  Some  involve 
a  lower  flap  mounted  on  a  round-edged  wing,  whereas  others  Include  the  upper  and  apex 
vortex  flaps  attached  to  round-  or  sharp-edged  wings.  (See  the  next  chapter.)  The  FVS 
solutions  for  these  other  arrangements  have  had  varying  degrees  of  success,  which  are 
dependent  upon  the  extent  of  the  unmodeled  flow  regions.  These  regions  typically  occur 
near  round  leading  edges  and  in  cavities. 

The  upper  vortex  flap  modeling  done  by  Reddy  in  reference  61,  produced  a  generally 
successful  comparison  for  the  data  obtained  by  Rao  (ref.  68)  in  the  low  a  range; 

however,  unmodeled  flow  features  caused  the  higher  a  results  to  differ.  Regarding  the 
apex  flap,  Buter  in  reference  69  generated  remarkable  results  for  a  delta  wing  with  this 
device.  Though  the  quantitative  agreement  with  data  was  not  good,  the  FVS  method  did 
capture  the  qualitative  aerodynamic  features  of  this  flap. 

Arrow  ling 


The  FVS  method  has  been  used  at  Langley  by  Schoonover  to  predict  steady-state 
vortex-flow  pressure  distributions  on  a  highly-swept  aircraft  wing  at  various  angles  of 
attack  (ref.  36).  The  panel  layout  for  this  arrow  wing  is  shown  on  the  left  side  of 
figure  25  and  was  determined  by  him  to  be  one  which  would  facilitate  convergence  and 
increase  the  "resolution  of  the  vortex-induced  pressures  near  the  wing  apex."  The 
resulting  non-linear  loading  increments  (due  to  the  vortex)  were  then  Incorporated  by 
the  Douglas  Aircraft  Company  into  an  unsteady  loads  analysis  to  enhance  their  prediction 
of  the  structural  responses  of  such  wings  to  blast  loads  caused  by  a  nearby  nuclear 
detonation.  The  results,  when  compared  to  attached  flow  theory  and  experimental  data 
obtained  on  a  rocket  sled  (ref.  70)  and  shown  on  the  right  side  of  figure  25,  indicated 
that  inclusion  of  these  theoretical  vortex-induced  loading  Increments  resulted  in  a 
substantial  Improvement  in  their  capability  to  predict  blast-induced  gust  loadings 
with  a. 


Cranked  Wings 
Pre-Scamp  wing 

The  cranked-wing  model  of  figure  26  had  its  camber  and  twist  designed  using  the 
VLM-SA  theory  for  a  CL  d  of  0.50  and  Md  of  0.90  in  a  manual -optimization  mode.  This 

process  is  described  in  references  56  and  4.  The  tests  were,  however,  conducted 
at  Mw  ■  0.85  due  to  wind-tunnel  power  limitations,  and  it  Is  the  data  from  these  tests 

which  also  appear  In  figure  26.  From  this  figure,  It  can  be  seen  that  the  lift  data  are 
well  predicted  by  the  VLM-SA  for  angles  of  attack  up  to  12  degrees,  and  that  using 
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vortex  flow  one  le  able  to  achieve  CL  d  at  a  lower  value  of  a  than  with  potential 

flow  alone.  The  figure  also  shows  data  for  both  the  planar  and  vortex-f low-designed 
wing  drag  polars  In  comparison  with  two  theoretical  curves.  As  expected,  over  Most  of 
the  CL  range  the  planar  wing  data  follow  the  upper  or  zero  edge-force  curve  which 

Includes  the  full  theoretical  vortex  lift.  The  designed  wing  data  are  generally  Much 
lower  than  the  planar  wing  data  and  approach  the  lower  bound  polar  In  the  CL  range 
from  about  0.35  to  0.45,  even  though  the  wing  Is  thin  (maximum  thickness  ratio  Is  3.2 
percent)  and  the  leading  edge  Is  sharp.  This  off-deslgn  feature  Is  an  attractive 
benefit  of  designing  with  vortex  flows.  Furthermore,  at  the  design  CL  the  data  reach 

a  level  equivalent  to  77  percent  of  full  leading-edge  suction.  This  large  value  of 
equivalent  suction  Is  remarkable  for  such  a  slender  sing,  particularly  at  this  high  Mach 
number  maneuver  condition.  It  should  be  noted  that  this  highly  effective  suction  level 
Includes  the  penalty  associated  with  outboard  aft  separation.  Bence,  with  additional 
tailoring  this  penalty  could  be  reduced. 

Strake-wlng 

Another  kind  of  cranked  wing  Is  the  strake-wlng  configuration.  Reference  71 
presented  a  summary  of  results  from  some  15  strake-wlng-body  combinations;  since  then, 
some  17  other  combinations  have  been  tested.  This  last  group  differs  in  the  strake 
portion  of  the  configuration.  Some  of  the  strakes  were  designed  analytically,  using  the 
method  described  previously,  and  some  designed  empirically. 

Typical  lift  and  pitching  moment  characteristics  for  these  combinations,  AO  19 
depicted,  are  shown  In  figure  27.  The  drag  data  are  sot  given  since  their  variation  Is 
Just  Cp  o  +  CL  tan  °  for  theae  thin  unwarped  lifting  surfaces.  From  reference  38  It 
was  determined  that  In  general  for  this  and  the  other  configurations,  the  CL  data  are 

better  estimated  by  the  High  a  theory.  Though  better  estimated,  there  may  be  an  a 
range  below  the  a  for  for  which  the  CL  data  are  underpredicted.  This  Is 

most  likely  associated  with  the  High  a  theory  not  accounting  for  any  vortex  lift  from 
the  wing.  A  further  evidence  of  this  deletion  Is  seen  in  the  CB  versus  CL  results, 

where  the  theory  shows  the  center  of  pressure  to  be  ahead  of  the  data.  The  potential- 
flow  curve  Is  added  to  the  CL  versus  a  plot  for  reference  In  figure  27.  Component 

data  for  the  strake-forebody  and  wing-afterbody  were  also  obtained  from  the  wind-tunnel 
results  and  are  reported  In  reference  38. 


Series 

Other  cranked  wing  studies  have  been  performed  using  a  group  of  double  delta  models 
with  Ale  -  80°/85°  and  published  as  reference  72.  A  typical  comparison  between  theory 

and  experiment  for  this  cranked  wing  (fig.  28)  shows  the  VLM-SA  High  a  theory  to 
estimate  the  longitudinal  aerodynamic  characteristics  well.  (Refer  to  figure  5  for  a 
geometrical  definition  of  the  theory  terms.)  At  the  higher  values  of  the  CB  data 

show  a  slight  pltch-up  tendency  ass  elated  with  a  lack  of  complete  flow  reattachment  of 
the  vortex  In  the  notched  tral ling-edge  region. 

SURFACE  PRESSURES 

Delta  lings 

The  FVS  method  has  been  used  to  estimate  the  surface  pressures  of  a  large  number  of 
delta  wings.  Many  of  these  comparisons  with  data  appear  in  the  literature,  e.g., 
references  65  and  73. 


74-Degree 

Recently  a  74°  delta  has  been  added  to  this  list  (ref.  07).  The  agreement  with 
data  Is  generally  good  except  when  the  effects  of  the  secondary  vortex  become  suffi¬ 
ciently  large  to  alter  the  effects  of  the  primary  vortex.  This  typically  occurs  at  the 
higher  angles  of  attack  near  the  leading  edge  and  results  In  an  Inflection  (or  flat 
region)  In  the  pressures  between  the  primary  vortex  pressure  peak  and  the  leading 
edge.  The  effect  of  this  secondary  vortex  Is  to  displace  the  primary  vortex  Inboard  and 
reduce  the  magnitude  of  Its  suction  peak.  The  secondary  vortex  Is  not  modeled  but  Is 
Inherent  In  the  viscous  surface  flow  as  noted. 

Lower  Surface  Vortex  Flap 

A  correlation  of  experimental  and  FVS  theoretical  pressures  at  a  moderate  value  of 
a  are  shown  In  figure  29,  taken  from  reference  67,  for  the  same  74°  delta  vortex  flap 
configuration  described  In  figure  24.  The  spanwlse  upper  surface  pressures  at  tbe  chord 
station  Indicated  on  the  sketch  are  shown  In  figure  28  for  flap  deflectloos  of  0°,  10°, 
and  20°.  The  spanwlse  coordinate  Is  nondlmensionallzed  by  the  local  hinge  semlspan, 
(s)j,,  so  that  pressures  acting  on  the  flap  surface  correspond  to  y/(s)b  >  1  and  on  the 

wing  surface  to  y/(s)h  <  1 •  As  can  be  seen,  the  experimental  pressures  measured  by  Rao 
are  estimated  quite  well  by  the  FVS  theory,  even  near  the  leading  edge,  and  particularly 
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so  for  deflection*  of  0°  end  10°.  For  *  204  deflection,  the  theory  overpredicts  the 
suction  peak  but  Its  general  spanwise  position  is  In  good  agreement  with  the  data.  Over 
the  range  of  deflections  presented,  the  general  character  of  the  data  Is  veil  predicted 
by  the  theory.  Both  theory  and  experiment  exhibit  an  outward  shift  in  suction  peak 
location  and  a  corresponding  rise  in  peak  level  with  Increasing  flap  deflection  along 
with  a  decrease  in  suction  just  inboard  of  the  hinge  line. 

It  should  be  pointed  out  that  Frink  uses  these  flap  pressures  to  calculate  hinge 
moments  for  both  attached  and  separated  flow.  The  conclusion  of  the  study  was  that 
vortex  flaps  developing  separated  flow  probably  present  no  more  of  a  load  or  actuation 
problem  than  those  developing  attached  flow. 

Cropped  Delta 

Comparisons  of  theoretical  and  experimental  spanwise  pressure  distributions  are 
presented  in  figure  30  for  a  63.4°  cropped  delta  at  two  longitudinal  locations 
(ref.  36).  Compared  to  attached-flow  theory  and  conical-flow  theory  (which  has  no 
trailing  edge  Kutta  condition),  the  FVS  theory  provides  a  substantially  improved 
estimate  of  the  experimental  pressures.  However,  the  FVS  theory  generally  predicts 
vortex-induced  pressure  peaks  whlcb  are  somewhat  higher  In  magnitude  and  displaced 
outboard,  when  compared  with  experimental  data.  This  is  similar  to  the  experience  with 
the  delta  wings. 


Arrow  Wings 

The  FVS  method  has  recently  been  applied  by  llanro  (ref.  74)  to  a  series  of 
NASA/Boelng  arrow  wings  having  the  same  planform  but  differing  In  their  mean-camber 
warp.  These  wings  were  of  A  -  1.65,  A  »  71.2°,  X  ■  0.10  and  had  flat,  twisted,  and 
cambered/twisted  mean-camber  surfaces  (see  fig.  31),  and  were  designed  in  part  to  be 
able  to  assess  and  estimate  aeroelastlc  effects  on  this  class  of  wing.  Other  features 
of  these  wings  that  made  them  useful  configurations  with  which  to  apply  the  FVS  method 
were  the  round-  and  sharp-leading  edges,  leading-  and  trai ling-edge  flaps,  and  pressure 
Instrumented  outboard  fins  (not  shown).  (Previous  reports  have  dealt  with  estimates  of 
this  extensive  subsonic,  transonic,  and  supersonic  data  base  by  various  methods 
including  linear  panel,  higher  ordered  panel,  suction  analogy,  conical  flow,  and 
transonic  flow,  which  are  referenced  in  reference  74.)  The  comparisons  made  by  llanro 
showed  the  FVS  method  to  generally  predict  the  pressures  well  and  to  adequately  reflect 
the  changes  due  to  wing  varp. 

Other  nonlinear  techniques  that  account  for  the  effect  of  vortex  flow  have  been 
applied  to  this  data  set.  They  are  semi -empirical  (ref.  75)  and  a  combinational 
technique  (ref.  76).  These  have  met  with  varying  degrees  of  success,  with  the  serai- 
emplrlcal  technique  of  fery  and  Kulfan  (ref.  75)  generating  the  better  agreement. 

Cranked  Wings 

Converged  solutions  for  both  the  QVLM-SF/Two  Vortex  Model  method  of  Pao  and  the  FVS 
method  are  used  to  estimate  the  llft/pitchlng  moment,  and  surface  pressures  on  cranked 
wings,  and  the  results  are  shown  on  figures  32  and  33,  respectively.  Figure  32,  taken 
from  reference  60,  shows  two  different  cranked  wings  and  their  lifting  pressures  across 
the  span  or  along  a  constant  x/c  line  for  the  aft  wing.  In  general,  the  QVLM-SF  method 
yields  good  agreement  with  the  lift  data  of  references  72,  77,  and  78,  and  captures  a 
portion  of  the  experimental  lifting  pressure  variation.  The  pressures  do  show  at  least 
two  humps  Indicative  of  the  dual  vortex  system  present  behind  the  leadng-edge  crank. 

The  FVS  method,  figure  33,  taken  from  reference  61,  shows  the  aerodynamic 
consequences  of  the  various  LE  vortex  modeling  techniques  highlighted  on  figure  18  in 

comparison  with  the  data  of  reference  72.  In  particular,  the  lift  seems  better  modeled 

by  a  single  vortex  all  along  the  edge,  whereas  the  pitching  moment  is  better  modeled  by 
the  two  vortex  system.  The  single  vortex  passing  over  the  wing  has  the  smallest  overall 
raoge  of  good  agreement.  Though  no  data  comparison  is  made  for  the  local  surface 
pressures,  it  is  useful  to  understand  the  wide  variation  in  the  Cp  distribution  which 

results  from  the  different  models.  Note  especially  the  one  large  hump  associated  with 
the  single  vortex  modeling  along  the  leading  edge  and  the  two  humps  associated  with  the 
others.  The  multiple  humps  for  the  two  vortex  syetem  is  expected,  whereas  that  for  the 
single  vortex  over  wing  le  not.  However,  when  it  le  understood  that  the  high  suction 
peak  near  y/e  of  1.0  for  the  single  vortex  model  ( long-and-ebort  dashed  line)  is 

associated  with  attached  flow  and  not  vortex  notion,  then  it  makes  sense.  Furthermore, 

note  that  the  lover  surface  pressures  for  this  model  have  the  same  characteristic 
behavior  near  the  edge  as  do  those  for  the  upper  surface. 

The  conclusions  from  this  study  are  that  converged  solutions  for  lift  sre  probably 
easier  to  get  with  the  QVLM-8F/Two  Vortex  Model;  whereas,  If  converged  solutions  can  be 
obtained  with  the  FVS  method  employing  multiple  vortex  systems  then  the  pitching  moment 
and  surface  pressures  will  most  likely  be  in  better  agreement  with  data. 

VORTEX  CORE  LOCATION 

As  part  of  a  validation  program  for  the  FVS  theory,  four  swept  (63.4°)  pressure- 
instrumented  wings  (delta,  cropped  delta,  cropped  arrow,  and  cropped  diamond)  have  been 
fabricated  and  have  been  or  are  to  be  tested.  During  the  test  of  the  cropped  delta 
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wing,  tbe  vortex-core  trajectory  was  rendered  visible  due  to  the  naturally  occurring 
condensation  In  the  elnd  tunnel.  That  event  sas  photographed  and  is  coapared  with  the 
theoretical  solution  for  the  core  trajectory  in  figure  34,  taken  troa  reference  36.  The 
side-by-side  coaparlson  shoes  sas  Bade  possible  by  projecting  the  theoretical  path  onto 
the  planfora.  The  conclusion  of  the  coaparlson  Is  that  the  theory  Is  seen  to  give  a 
core  trajectory  consistent  slth  the  observed  one.  This  is  a  very  encouraging  result, 
particularly  since  the  predicted  core  location  crosses  the  side-edge  slightly  upstreaa 
of  the  experiaental  location,  ehlch  la  consistent  elth  the  effect  of  tbe  secondary 
vortex.  (See  the  discussion  regarding  surface  pressures.) 

MOMENTS  DDE  TO  LATERAL  MOTION 
Steady 

The  QVLM-SA  method,  elth  allowance  for  leading-edge  vortex  breakdown,  has  been 
applied  to  a  cropped  delta  wing  In  reference  49  to  determine  the  lateral  aerodynaailc 
characteristics.  Figure  35  shows  the  agreement  with  the  data  of  reference  79  to  be 
remarkable.  Reference  49  points  out  that  the  inclusion  of  tbe  side-edge  vortex  terms  is 
important  to  get  this  good  agreement.  (The  steps  noted  In  the  theory  curves  are  due  to 
the  vortex  breakdown  criteria  affecting  each  side  of  the  model  differently  at  u 
with  8*0,  l.e.,  dependent  upon  the  local  flow  conditions  present.) 

Unsteady 

Figure  36  shows  results  obtained  by  applying  the  unsteady  suction  analogy  (ref.  51) 
to  the  prediction  of  oscillatory  roll  damping  for  a  gothic  wing.  Shown  are  experiaental 
and  theoretical  data  for  C,  versus  a  for  reduced  frequencies  of  k  *  0.75 

‘p 

and  1.20.  The  theory  and  experimental  data  of  reference  80  agree  quite  well  primarily 
due  to  an  appropriate  modeling  of  the  vortex  lag  and  convective  effects.  Note  the 
reduction  In  roll  damping  at  high  angles  of  attack  shown  In  figure  36.  This  feature 
offers  a  possible  explanation  of  the  wing  rock  phenomenon  encountered  by  slender  wing 
geometries  operating  at  those  attitudes. 

REYNOLDS  NUMBER  EFFECTS 

The  comparisons  presented  in  this  chapter  have  been  made  with  data  at  small 
Reynolds  number.  Furthermore,  they  have  primarily  highlighted  sharp-edged  wings  for 
which  the  dominant  primary  vortex  flow  is  essentially  Tvynolds  number  Insensitive.  That 
Reynolds  number  does  play  a  role  In  the  actual  flow  fle.d  Is  well  known  and  has  been 
compiled  by  Smith  (ref.  33)  for  delta  wing  models,  and  Dee  and  Nicholas  (ref.  81)  for 
the  Falrey  Delta-2  aircraft.  More  recent  flight  evidence  Is  shown  In  figure  37  for  the 
round-edged  F-lll  TACT  airplane  (ref.  82).  In  particular,  this  figure  shows  that  at  the 
lower  R-,  the  leading-edge  flow  has  separated  and  the  vortex  Is  present,  whereas  at 

the  higher  R-,  the  leading-edge  flow  remains  attached,  suppressing  the  vortex. 

These  effects  are  not  fully  modeled  by  existing  methods  and,  hence,  provide 
opportunity  for  future  comparisons  as  the  techniques  are  improved. 


VORTEX  CONTROL  DEVICES 


Generally,  the  validation  and  application  of  vortex  theories  have  been  successful 
when  the  vortices  are  stable  and  well  behaved.  As  the  vortex  changes  character,  due  to 
breakdown,  or  the  vortex  pair  becoming  asymmetric,  theoretical  calculations  of  the  flow 
fields  Interacting  with  neighboring  surfaces  are  very  difficult  to  obtain.  This  problem 
Is  compounded  because  these  phenomena  are  sensitive  to  a  large  number  of  configuration 
and  flow-field  variables.  For  example,  the  effect  of  wing  leading-edge  sweep  on  the 
angles  of  attack  for  breakdown  or  asymmetry  is  shown  In  figure  38  for  sharp-edge  delta 
wings  at  low  speeds.  This  chapter  discusses  a  variety  of  vortex  control  devices  that 
enhance  aircraft  performance  In  two  areas  of  vortex  flow.  An  outline  of  this  research 
effort  Is  shown  In  figure  39.  The  first  area  is  to  utilize  the  stable  vortex  flow  at 
low-to-moderate  a.  An  example  of  this  was  the  previously  mentioned  Pre-Scamp  research 
model  which  successfully  used  wing  camber  to  control  the  vortex  position  for  drag 
reduction  benefits.  The  second  area  delays  tbe  onset  of  vortex  breakdown  or  asymmetry 
by  using  various  wing  and  body  vortex  control  devices,  including  body  shaping.  Concepts 
and  selected  data  are  presented  to  highlight  the  aerodynamic  benefits  achieved  with 
particular  devices  in  both  of  the  angle-of-attack  regions. 

ENHANCED  MING  LOW-TO-MODERATE  a  CHARACTERISTICS 

Three  vortex  flow  control  concepts  are  discussed  which  enhance  wing  low-to-moderate 
a  characteristics.  These  are  vortex  flaps,  vortex  generators,  and  leading-edge 
extensions. 


Vortex  Flaps 

The  vortex  flap  effort  was  an  outgrowth  of  the  alender-wlng  vortex-design  study 
described  In  figure  26..  which  demonstrated  that  simple  leading-edge  and  tralllng-edge 
flaps  could  approximate  the  transonic  maneuver  drag  benefits  of  the  fixed  Pre-Scamp 
design  (ref.  56).  During  the  last  four  yearn,  vortsx  flaps  have  undergone  extensive 
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experimental  testing  to  build  the  data  base  using  generic  research  and  fighter  models, 
while  a  parallel  effort  has  been  underway  to  nature  the  vortex  theories  to  calculate 
details  of  the  vortex  flap  flow  field. 


Types 

Plow  patterns  are  shown  in  figure  40  for  three  types  of  vortex  flaps  under  active 
consideration — lower  surface,  upper  surface,  and  apex.  The  lower-surface  flap  is 
8lnllar  to  conventional  leading-edge  flaps  on  current  fighters  in  that  both  are 
articulated  to  improve  the  maneuver  drag  polar.  The  conventional  flaps,  such  as  those 
on  the  P-10,  help  to  keep  the  leading-edge  flow  attached.  The  lower  surface  flap 
promotes  a  separated  vortex  with  flow  reattachment  at  the  flap  hinge- line  and  smooth, 
attached  flow  on  the  wing's  upper  surface*  With  these  desired  flow  conditions,  the 
vortex-induced  suction  pressures  act  on  the  forward-facing  flap  surface,  which  leads  to 
good  drag  efficiency  at  the  cruise,  maneuver,  and  climb-out  lift  conditions. 

Poldlng,  hinged,  and  tabbed  are  three  categories  of  the  lower-surface  flap  that 
have  been  investigated.  The  folding  flap  (refs.  83,  84,  85,  and  86)  deploys  from  the 
lower  surface  of  the  wing  and  uses  the  added  flap  area  to  Improve  L/D,  In  addition  to 
the  natural  aerodynamic  gain.  The  hinged  flap  (refs.  87  and  88)  is  exposed  to  the  flow 
throughout  the  flight  envelope  and  changes  deflection  angle  to  optimize  flap  perform¬ 
ance.  The  tabbed  flap  (refs.  89  and  90)  has  a  small  retractable  tab  at  the  flap  leading 
edge  which  helps  control  the  vortex  formation  along  the  leading  edge  for  a  variety  of 
upwash  conditions.  The  tab  is  shown  in  the  sketch  as  it  would  be  Integrated  with  the 
folding  flap,  although  It  is  also  applicable  to  the  hinged  flap. 

The  upper  surface  flap  was  developed  by  Rao  (ref.  68)  as  a  variation  of  the  lower 
surface  arrangements.  This  flap  generates  a  stable  two-vortex  system,  a  leading-edge 
vortex  on  the  flap,  and  an  Inboard  vortex  over  the  wing.  The  unique  features  of  the 
flap  concept  are  its  ability  to  Increase  lift  at  low  a  and  to  Increase  L/D  and  roll 
control  at  moderate  <»  . 

The  upper  surface  flap  and  apex  flap  are  both  forced-vortex  concepts  with  the 
objective  of  using  vortex  flows  to  Improve  the  lift  capability  of  slender  wings  at 
low  a.  The  apex  flap  is  deflected  (up)  about  a  transverse  hinge-line  and  generates 
vortices  which  shed  over  the  wing  inducing  a  suction  effect  and  a  lift  Increase 
(ref.  69).  In  addition,  Rao  (ref.  17)  shows  that  the  vortex  lift  and  long  pitching 
moment  arm  of  the  apex  flap  combine  to  make  it  a  powerful  trim  device,  permitting  the 
trailing-edge  flaps  to  be  fully  utilized  at  low  o's. 

Of  the  three  flap  types,  the  most  research  attention  has  been  focused  on  the  lower 
surface  flaps.  The  next  three  figures  give  a  perspective  of  the  various  vortex  flap 
geometries  that  have  been  Investigated,  and  a  sample  of  wing  performance  data  to 
illustrate  the  effect  of  hinge-line  location  and  sweep. 

Shape,  Size,  Segmentation 

The  characteristics  associated  with  some  of  the  lower-surface  flap  geometry  changes 
are  depicted  In  figure  41.  Rao  (refs.  17,  83,  and  84)  demonstrated  that  reducing  the 
length  inboard  Improves  flap  efficiency.  In  addition,  shaping  the  flap  inboard  improves 
the  vortex  formation  while  shaping  outboard  promotes  vortex  flow  reattachment  at  the 
hinge  line,  both  of  which  reduce  drag  and  delay  pitch-up.  Increasing  flap  size  was 
shown  by  Rao  (ref.  83)  and  Schoonover  (ref.  86)  to  delay  the  Inboard  movement  of  the 
vortex,  which  combines  with  the  Increased  flap  frontal  area  to  reduce  drag. 

In  recent  studies  on  an  arrow-wing  configuration  (ref.  91)  and  a  cropped-delta  wing 
model  (ref.  92),  Rao  demonstrated  that  flap  segmentation  is  an  effective  technique  to 
reduce  the  flap  area  while  still  achieving  the  same  L/D  as  without  segmentation.  The 
flap  segments  generate  multiple  vortices  that  remain  closer  to  the  leading  edge. 
Improving  the  efficiency  of  the  vortex  flow  In  the  tip  region,  which  delays  tip  stall 
and  Improves  the  longitudinal  stability  characteristics. 

Rlnge-Llne  Location 

The  effect  of  htnge-llne  location  on  L/D  is  shown  in  figure  42  for  a  74°  delta  wing 
(ref.  93).  The  configuration  has  the  full-span  vortex  flap  with  hinge-line  attachment 
simulated  to  occur  at  various  positions  behind  the  lower-surface  leading  edge.  The 
resulting  data  were  obtained  to  evaluate  the  effect  of  hinge-line  location  on  the 
\  aerodynamic  performance  for  a  Krueger-like  flap  arrangement.  A  leading-edge  radius  was 

used  to  ase'ire  h  smooth  surface  for  reattachment  of  the  vortex  flow  and  to  minimize 
leading-edge  separation  effects  on  the  upper  surface.  The  basic  wing  data  are  shown  for 
reference.  The  deflection  angle  was  constant,  •  45°,  and  the  L/D  data  presented  in 

this  figure  are  based  on  the  actual  projected  ares  rather  than  a  fixed  reference  area  to 
take  out  the  added-on  area  effect  for  the  C^. 

From  figure  42,  the  flap-on  data  show  that  with  the  hinge-line  located  at  the 
leading  edge,  the  largest  L/D  values  result  throughout  the  range,  and  that  as  the 

htnge  line  Is  moved  aft  there  Is  a  progressive  decrease  In  the  aerodynamic  efficiency. 
This  decrease  le  caused  by  combinational  changes  la  wing  upwash,  vortex  strength,  and 
the  Increase  of  negative  lift  associated  with  the  vortex  being  confined  behind  and 


underneath  the  leading-edge.  Compared  to  the  flap-off  data,  the  vortex  flaps  appear  to 
be  an  efficient  way  to  utilize  vortex  lift  for  >  0.15. 

Hinge-Line  Sweep  and  Deflection  Angle 

Prink,  et  al.  (ref.  87)  recently  performed  a  subsonic  experiment  in  the  Langley 
Research  Center  7-  by  10-Foot  High  Speed  Tunnel  to  evaluate  the  effects  of  wing  sweep  on 
vortex  flap  effectiveness.  A  sample  of  the  data  la  shown  in  figure  43.  The  research 
was  conducted  for  a  family  of  planar  delta  wings  with  A  »  50°,  58°,  66°,  and  74°,  having 
constant  chord  vortex  flaps,  and  mounted  on  a  general  research  fighter  fuselage.  A 
constant  chord  flap,  of  course,  Implies  that  A  ■  Afa.  The  effect  of  A^  on  L/D  is 

shown  for  a  maneuver  value  of  CL  -  0.6  with  «Lg  -  0°  and  40°.  The  conclusion  is  that 

increasing  sweep  decreases  L/D  for  a  given  flap  deflection,  while  increasing  flap 
deflection  Increases  L/D  for  any  sweep;  the  flap  deflection  effectiveness  being  greater 
at  the  lower  sweeps. 

Vortex  Generators 

Vortex  generators  are  also  used  to  enhance  aircraft  low- to-mode rate  a  charac¬ 
teristics,  and  are  depicted  in  figure  44.  The  generators  that  have  been  investigated 
are  the  pylon,  fence,  and  slot.  These  are  fixed  devices  at  the  leading  edge  (refs.  94, 
95,  96,  and  97),  and  are  generally  used  with  round-edge  wings.  Each  device  generates  a 
vortex  that  flows  streamwise  over  the  upper  surface  of  the  wing  and  splits  the  primary 
leading-edge  vortex  Into  segments.  This  change  In  wing  flow  field  results  in  a  drag 
reduction  due  to  improved  leading-edge  suction,  and  a  slight  lift  loss  due  to  the 
suppression  of  the  leading-edge  vortex.  A  significant  feature  of  the  vortex  generators 
is  their  ability  to  improve  longitudinal  stability.  The  devices  delay  the  inboard 
movement  of  the  tip  vortex,  which  increases  tip  vortex  lift  and  delays  pitch-up, 
compared  to  a  wing  without  the  devices. 

Leadlng-Bdge  Extension  (LEE) 

The  last  vortex  flow  control  concept  to  be  discussed  for  enhancing  wing  low-to- 
moderate  a  characteristics  concerns  the  application  of  a  leading-edge  extension  (LEE) 
to  the  outboard  portion  of  a  transonic  wing.  The  intent  is  to  improve  the  drag  polar  by 
energizing  the  wing  flow  In  the  tip  region  at  the  higher  o  values  with  vortex 
action.  This  Investigation,  illustrated  in  figure  45,  is  intriguing  because  It  involves 
the  Interaction  of  a  vortical  flow  over  the  outboard  panel  of  a  fighter  wing  designed 
for  attached  supercritical  flow.  The  early  and  advanced  designs  depicted  in  the  figure 
are  maneuver  configurations  developed  by  Mann,  et  al.  (ref.  98)  using  transonic 
methodology. 

In  an  effort  to  alleviate  the  shock-induced  flow  separation  that  eventually  occurs 
in  the  wing-tip  region  as  lift  increases,  the  attached  flow  design  was  supplemented  with 
a  sharp  LEE  on  the  outer  wing  panel.  Pressure  measurements  reported  in  reference  98 
indicated  that  there  was  less  flow  separation  on  the  outer  panel  with  the  LEE,  which 
corresponds  to  the  drag  reduction  obtained  at  high  CL.  Further  research  of  this  vortex 

control  concept  is  necessary  in  order  to  fully  understand  the  implications  of  combining 
vortical  flows  with  supercritical  attached  flows  for  maneuver  wing  designs. 

ENHANCED  WING-BODY  HIGH  a  CHARACTERISTICS 

Five  different  vortex  flow  concepts  are  discussed  for  enhancing  this  flow  and  its 
aerodynamic  benefits  to  high  angles  of  attack.  Four  of  tbese  employ  fixed  geometrical 
pieces,  whereas,  the  other  uses  a  fluid.  In  particular,  they  are  the  leading  edge 
extension  (LEE),  discussed  earlier,  the  raked  tip,  the  strake  applied  to  a  wing,  Jet 
augmentation,  and  fuselage  forebody  shape. 

Leading-Edge  Extension  (LEE) 

This  LEE  was  applied  to  a  thick  round-edge,  60°  diamond  shape,  low-speed  glider 
called  the  DU-1.  The  problem  to  be  solved  with  this  device,  shovn  in  figure  46,  was  to 
energize  the  flow  on  the  leeward  side  of  the  wing  so  as  to  generate  a  cL,max 

closer  to  that  measured  on  thin  sharp-edged  wings.  (Note  that  this  device  was 
successful  as  seen  by  the  organized  flow  at  «  ■  18.9°.)  This  figure,  developed  from 
reference  5,  shows  the  final  placement  of  the  LBE  to  be  inboard.  In  this  location 
the  device  not  only  increases  but  generates  less  drag  as  well.  The  lover 

drag  is  associated  with  low  surface  pressures  acting  between  the  LEE  and  the  maximum 
thickness  line  of  the  wing  section  which  produce  a  thrust. 


An  Ideal  arrangement  would  be  for  the  LBE  to  be  mounted  to  a  thick  round-edge  wing 
along  the  pseudo-stagnation  stream  surface  which  Is  associated  with  smooth  onflow  at  the 
attached  flow  design  condition.  For  flight  attitudes  above  that  for  smooth  onflow, 
which  would  occur  for  take-off,  landing,  and  maneuver,  a  vortex  would  be  generated  in 
the  region  between  it  and  the  upper  surface.  This  would  energize  the  leeward  surface 
flow  and  produce  the  lower  pressures  needed  for  drag  reduction. 
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Rated  Tip 

An  in-plane  extension  or  retraction  of  tbe  side-edge  of  a  cropped  delta  sing, 
caused  by  pivoting  a  portion  of  tbe  sing  about  tbe  tip  leading  edge,  bas  led  to  a  raked- 
tip  device  for  enhancing  tbe  high  a  lateral  characteristics-  This  patented  device 
(ref.  99)  sas  first  discussed  in  reference  100.  Its  purpose  is  to  nodulate  tbe  strength 
of  tbe  vortex  systea  and  tbe  associated  reattachoent  area  so  that  significant  aaounts  of 
rolling  noaent  can  be  generated  at  attitudes  shere  other  devices,  such  as  ailerons,  are 
knosn  to  be  Ineffective.  The  concept  sorks  best  shen  the  raked  tips  of  a  sing  aove  in 
the  saae  direction  during  deployaent.  The  device  has  been  found  to  generate  essentially 
a  linear  grosth  rate  of  rolling  moaent  sith  either  increasing  a  or  tip  rake  angle. 
Furthermore,  its  deployaent  produced  either  no  or  a  proverse  yasing  aoaent. 

Strikes 

The  general  longitudinal  aerodynaalc  effects  of  adding  a  strake  to  a  sing-body  are 
sell  knosn,  but  are  repeated  on  figure  47  for  coapleteness-  In  particular,  strakes 
organize  the  sing  flos  field  to  a  higher  value  of  a,  i.e..  Increase  sing  aBp,  sblch 

leads  to  an  Increase  in  C[ .  This  in  turn  loads  up  the  strake  aore  at  the  higher  values 

of  a  and  leads  to  a  larger  nose-up  pitching  aoaent  shen  this  vortex  system  breaks 
dosn.  Also,  on  this  figure  are  highlighted  tso  experlaental  studies.  The  first  is  to 
determine  the  effect  of  strake  shape  on  the  strake  vortex  systea  sith  emphasis  on  its 
»BD  characteristics;  and  the  second  is  the  effect  of  strakes  on  lifting  surfaces  shlch 

Interact. 

Strake-Wing-Body 

The  photograph  on  the  left  of  figure  47  shoss  a  typical  strake-slng-body  in  the 
strake  effectiveness  study.  Reference  101  reported  that,  for  a  range  of  analytically 
and  empirically  designed  strakes,  those  vhich  developed  a  higher  value  of  the  section 
leading-edge- suet ion  force  at  their  spansise  extrealty  generally  had  the  higher  values 
of  aBD  at  the  sing  trailing  edge.  (It  sas  also  pointed  out  in  reference  38  that  the 

maxiaua  value  of  the  additional  lifting  surface  efficiency  factor  and  nBD  at  the  wing 

trailing  edge  have  the  saae  variation  with  the  ratio  of  strake-exposed-area  to  wing- 
ref  erence-area . ) 

Space-Jet 

The  other  photographs  show  a  "Space-Jet"  concept  (configuration  of  ref.  102).  It 
Is  conceived  of  as  being  a  possible  follow-on  to  the  Space  Shuttle,  in  which  the 
inventors,  Jackson,  et  al.  (ref.  103)  envisioned  using  vortex  lift  to  help  this  turbo¬ 
jet-powered  vehicle  take  off  horizontally.  However,  the  resulting  closely  spaced 
interacting  vortical  flow  systems  were  determined  not  to  interact  favorably,  and  to  be 
potentially  beyond  current  aodeling  capability. 

Forward-Swept  Wing  Application 

Strakes  have  also  been  used  on  swept  forward  wings  in  an  atteapt  to  improve  tbe 
wing-root  flow  field  by  Huffman  and  Fox  (ref.  104)  at  -  0.3.  These  low-speed  results 

showed  that  the  effect  of  the  strake  was  to  Increase  tbe  configurational  CL  and 
aerodynamic  efficiency. 


Hinged  Strakes 

An  alternate  approach  for  improving  usable  lift  at  high  a  is  to  utilize  variable 
strake  geoaetry  as  a  lifting  and  control  device.  Moss  (ref.  105)  evaluated  variable 
incidence  and  caaber,  while  Rao  and  Huffman  (ref.  106)  studied  the  effects  of  anhedral 
on  a  hlnged-strake  concept.  The  hinged  strakes  are  articulated  to  suppress  the  strake 
vortices,  and  thus  ellalnate  or  soften  the  vortex-breakdown  effect.  The  hinged  strakes, 
which  are  structurally  separate  froa  the  wing,  are  attached  to  the  fuselage  through 
longitudinal  hinges.  The  effect  of  hinged  strakes  on  high  a  aerodynaalc  charac¬ 
teristics  is  shown  in  figure  48  for  a  wing-body-verttcal  tall  configuration.  With 
respect  to  the  strake-off  configuration,  tbe  addition  of  tbe  planar-strake  (<r  >0°) 

leads  to  the  characteristic  vortex  breakdown  condition  evidenced  by  a  peak  in  CL 

accompanied  by  pitch-up.  Note  also  the  opposite  lateral-directional  behavior  as  a 
approaches  30°  due  to  the  asyaaetric  breakdown  of  tbe  strake  vortices  being  different 
froa  that  of  the  basic  configuration.  Deflecting  the  strakes  to  30°  anhedral  greatly 
alleviates  these  vortex  breakdown  effects.  In  bis  current  paper  for  this  conference, 

Rao  (ref.  17)  presents  addltlonsl  data  analysis  to  show  that  horlsontal-tall  effec¬ 
tiveness  is  Increased  by  syaaetric  deflections  of  tbe  strakes,  and  that  large  rolling 
moaents  occur  due  to  asyaaetric  deflections  that  become  larger  than  conventional 
ailerons  at  high  a. 


Jet-Auaaented  Concents 

Another  approach  for  favorably  effecting  high  a  aerodynaalc  performance  is  to  use 
Jet  flows  to  augment  and  control  the  wing  vortex.  Three  Jet-augaented  vortex  concepts 
are  under  investigation  and  are  shown  in  figure  49.  These  concepts  are  tbe  fluid 
strake,  spanwlae  blowing,  and  puaped  vortex.  Their  function  is  to  delay  vortex 
breakdown  and  organize  the  wing  upper-surface  flow  field  to  yield  the  desired 
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aerodynamic  benefits  by  the  addition  of  energy  to  the  system. 

Fluid  Strake 

The  fluid  strake  concept  (refs.  107  and  108)  uses  a  jet  sheet  formed  by  bloving 
through  a  series  of  small  in-line  orifices  located  symmetrically  on  the  sides  of  the 
fuselage  ahead  of  the  wing.  The  Intent  Is  to  create  the  effect  of  a  "fluid"  strake  that 
can  be  activated  to  obtain  the  high  a  benefits  of  a  solid  strake*  such  as  those 
discussed  In  figures  47  and  48.  (Note  this  may  be  done  either  symmetrically  or  anti¬ 
symmetrically,  depending  upon  the  Individual  bloving  rates.)  The  jet  sheet  generates  a 
stable  vortex  flow  over  the  ving,  which  increases  and  improves  the  drag  polar 

and  vertical  tail  effectiveness  at  high  a.  The  lift  augmentation  of  the  fluid  strake 
Is  comparable  to  that  obtained  with  spanvlse  bloving. 

Spanvise  Bloving 

This  concept  energizes  the  leading-edge  vortex  by  bloving  a  jet  spanvise  over  the 
upper  surface  of  a  ving  In  a  direction  approximately  parallel  to  the  leading  edge. 
Pressure  data  obtained  by  Campbell  (ref.  109)  demonstrated  that  full  vortex  lift  could 
be  achieved  at  Inboard  ving  stations  with  relatively  small  bloving  rates,  but  progres¬ 
sively  higher  values  are  required  to  obtain  full  vortex-1 lft  levels  at  the  more  outboard 
span  stations.  Research  by  Erickson  and  Campbell  (ref.  110)  and  Staudacher,  et  al. 

(ref.  Ill)  on  fighter  models  shoved  that  spanvise  bloving  Increases  lift.  Improves  the 
drag  polar,  and  linearizes  pitching  moment  at  moderate-to-hlgh  o.  Spanvise  bloving 
has  significant  effects  on  lateral-directional  aerodynamics,  vhlch  appear  to  be  configu¬ 
ration  dependent.  Both  rudder  and  aileron  effectiveness  are  improved  by  spanvise 
blowing  (ref.  111).  Furthermore,  it  results  in  more  stable  roll  damping  and,  as 
demonstrated  in  a  free-f light  experiment  (ref.  112),  helps  eliminate  ving  rock. 

Pumped  Vortex 

Building  on  the  vork  of  Hummel  (ref.  113),  Taylor,  et  al .  (ref.  114)  investigated  a 
pumped- vortex  concept  and  shoved  the  criticality  of  the  location  of  the  suction  device 
used  to  pump  the  vortex  downstream.  Using  an  injector  drive  system,  they  were  able  to 
significantly  increase  the  axial  flow  in  the  vortex  which  stabilizes  the  system  to  a 
higher  value  of  a.  The  effects  of  the  suction  device  on  the  lift  characteristics  for  a 
blended  delta  model  are  shown  In  figure  50,  vhlch  indicates  that  Increasing 

increases  at  moderate  a  and  Increases  CL  MT.  The  augmented  lift  levels 

obtained  here  are  higher  than  those  obtained  In  Hummel's  suction  experiment  because  of 
the  much  higher  values  used  for  this  test.  These  larger  values  Induce  higher 

velocities  over  the  ving  upper  surface  vhlch  even  increases  the  potential  flow  lift 
contributions. 

Puselage  Porebody  Shape 

At  higher  angles  of  attack,  beyond  that  for  ving  vortex  or  strake  vortex  breakdown, 
the  effect  of  the  aircraft  forebody  shape  becomes  increasingly  important  In  establishing 
the  aerodynamic  characteristics.  This  results  from  the  tendency  of  the  forebody  cross- 
flow  to  be  asymmetrical,  and  is  associated  vlth  the  fineness  ratio  and  cross-sectional 
shape  of  the  forward  part  of  the  aircraft  body.  Original  vork  documented  by  Edvards 
(ref.  115)  of  Northrop  on  the  F-5  produced  the  shark  nose  (P-5F),  and  provided  an 
example  of  how  the  high  a  asymmetry  can  be  reduced  by  proper  shaping.  (See  also  the 
vork  by  Erickson  In  ref.  116.)  More  recently,  a  systematic  forebody /length  experimental 
study  has  been  done  at  Langley  by  Carr  and  Gilbert  (ref.  117)  on  a  high-performance 
fighter-type  model  at  low  Reynolds  number  to  uncover  some  of  these  high  a  aerodynamic 
Interactions  associated  vlth  the  geometrical  components.  (This  vork  builds  on  an 
earlier  study  by  Grafton,  et  al.  (ref.  118)). 


FUTURE  HBBDS 


Though  much  vork  has  been  done  to  theoretically  model  the  effects  of,  validate  and 
apply  the  resulting  methods  to,  and  generate  an  extensive  experimental  data  base  for 
vortex  flows  Interacting  vlth  neighboring  surfaces,  there  are  still  gaps  In  this 
technology  area.  These  gaps  are  expressed  as  future  needs  and  reflect  the  authors' 
vlevs  as  to  where  research  attention  should  be  focused  in  both  the  near  and  far  term. 

The  needs  are  highlighted  In  figures  51  and  52  and  subsequent  paragraphs. 

For  relatively  sharp  edges,  lnvlscld  modeling  will  continue  to  provide  useful 
predictions  of  the  complete  surface  pressure  distributions  that  are  required  for  many 
aerodynamic  and  structural  design  problems.  The  biggest  challenges  lay  In  Incorporating 
the  effects  of  viscosity  both  in  the  surface  boundary  layer  and  in  the  shed  vortex  core 
system.  This  Is  important  In  order  to  determine  the  onset  and  effects  of  (1)  the 
development  of  a  primary  vortex  on  round  edges,  (2)  the  secondary,  etc.  vortices,  (3) 
vertex  breakdown  In  the  cores,  and  (4)  asymmetrical  vortex  shedding  at  higher  values 
of  a.  A  step  In  this  direction  oan  be  made  by  Incorporating  three-dimensional 
boundary- layer  effects  and  separation  criteria  In  lnvlscld  prediction  methods;  this  will 
allow  calculations  of  the  Reynolds  number  sensitive  flow  on  rounded  leading-edge  vlngs 
and  fuselages.  In  addition,  more  extensive  use  needs  to  be  made  of  the  Euler  codes  (see 
for  example,  the  one  used  in  ref.  119)  In  order  to  determine  how  veil  they  predict  the 
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separated  vortex  flow  onset  and  effects  associated  with  wings /bodies  vith  or  without 
thickness.  It  should  be  determined  If  Euler  codes  have  unique  capabilities  to 
accurately  predict  the  interaction  processes  associated  with  shocks  and  vortex  flows, 
multiple  vortex  systems,  and  augmented  vortex  flows,  so  that  configurational  trade 
studies  can  be  made  to  take  advantage  of  these  types  of  flows.  These  promising  codes, 
and  the  associated  computing  equipment,  need  to  be  matured  so  that  they  may  be  used  in  a 
design  mode.  Design  activities  for  thick  wings  developing  vortical  flows  should  be 
considered  a  goal.  Furthermore,  reliable  methods  need  to  be  established  for  predicting 
the  Incremental  aeroelastlc  effects  of  slender  wings  at  subsonic,  transonic,  and 
supersonic  speeds.  In  addition,  the  higher  order  panel  codes  need  to  be  used  or 
extended  to  estimate  the  effects  of  vortex  flow  on  configurations  In  unsteady  motion. 

Current  capabilities  of  existing  codes  need  to  be  examined  to  determine  the  useful 
flight  and  configurational  bounds.  In  particular,  the  Free  Vortex  Sheet  theory  needs  to 
be  fully  validated  for  configurations  having  thickness  and  a  fuselage,  and  parallel- 
□onplanar  or  intersecting  lifting  surfaces  with  Interacting  vortical  flows.  Further¬ 
more,  design  activity,  using  available  analysis  tools,  needs  to  be  undertaken  to  take 
advantage  of  the  leading  edge  extension  and  vortex  flap  configurational  opportunities. 
Additional  strakes  should  be  designed  for  specific  needs  to  see  If  the  technology  is 
sufficient. 

A  data  base  should  be  generated  to  determine  the  effects  of  wing  leading-edge 
radius,  thickness,  camber,  planform,  and  vortex  augmentation  on  the  angle-of-attack 
boundaries  for  vortex  breakdown  and  asymmetry.  Also,  key  experiments  necessary  for  the 
more  thorough  understanding  and  modeling  of  off-surface  flow  features  for  wings  and 
bodies,  as  well  as  that  on  the  surface,  should  be  made.  In  addition,  similar  studies 
need  to  be  undertaken  and  documented  for  multiple,  nonplanar  lifting  surfaces  developing 
interf erring  vortical  flows  under  steady  and  unsteady  conditions.  Furthermore,  bridging 
the  gap  between  the  low  Reynolds  number  wind-tunnel  data  and  flight  results  with  a  high 
Reynolds  number  facility,  such  as  the  Langley  National  Transonic  Facility,  is 
encouraged.  This  Is  or  particular  importance  in  order  to  set  the  stage  for  application 
of  variable  geometry  vortex  flow  control  devices  in  flight. 


CONCLUDING  REMARKS 

The  recent  research  activity  of  vortical  flows  Interacting  with  neighboring 
surfaces,  conducted  or  sponsored  by  NASA- Lang ley ,  has  been  reviewed.  Theoretical 
capabilities  have  been  validated  to  determine  the  overall  force,  moment,  and  surface 
pressures  on  a  variety  of  planforms  In  steady  flow.  Unsteady  flow  capability  and  effect 
of  sideslip  have  also  been  demonstrated  on  a  more  limited  basis.  The  simple  theoretical 
methods  employing  the  suction  analogy  continue  to  be  useful  and  have  been  extended  to 
Include  the  effects  of  vortex  breakdown,  round  leading-edge  modeling,  and  supersonic 
flight.  The  Free  Vortex  Sheet  method  continues  to  be  among  the  better  methods  for 
predicting  surface  pressures  and  moments,  even  on  wings  having  vortex  flaps. 

An  extensive  experimental  data  base  has  been  Identified  which  Is  dedicated  to 
enhancing  the  wing  low-to-moderate  angle-of-attack  or  high  angle-of-attack  charac¬ 
teristics  through  the  appropriate  use  of  a  vortex-flow  control  device.  These  devices 
Include  vortex  flaps,  vortex  generators,  leading-edge  extensions,  strakes,  raked  tips, 
and  Jet  augmentation. 

Though  much  has  been  done,  it  will  be  necessary  in  the  future  to  improve  the 
theoretical  tools  by  Including  the  effects  of  viscosity  and  unsteady  flow,  develop  and 
extend  other  codes,  extend  the  geometrical  shapes  and  parameters  considered  so  as  to 
enlarge  the  data  base,  and  to  use  a  high  Reynolds  number  facility,  such  as  the  National 
Transonic  Facility  at  Langley,  to  gain  confidence  In  variable  geometry  vortex  flow 
control  devices,  so  that  early,  successful  flight  demonstrations  can  be  conducted. 
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theoretical  methods  extended 
DESIGN  APPLICATION 
VALIDATION  AND  APPLICATION  OF 
THEORETICAL  METHODS 


VORTEX  CONTROL  DEVICES 
FUTURE  NEEDS 
CONCLUDING  REMARKS 


Fig.  1.-  Recent  studies  at  NASA-Langley  of 
vortical  flows  interacting  with 
neighboring  surfaces. 
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Fig.  5.-  Effect  of  a  on  vortex  flow  models 
for  complex  configurations;  VLM-SA/Lamar , 
Luckring. 


Fig.  2.-  Theoretical  methods  extended. 


Fig.  6.-  Vortex  action  point  concept;  Lan. 
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•  TRIGONOMETRIC  TERMS  'NV01VING  a  INCLUDED 

•  PRESSURES  EVALUATED  WITH  FUll  ISENTROPIC 
EXPRESSION 


•  SECONDARY  VORTEX  SEPARATION  LINE  STUDY 
DeJARNETTE  NCSU 

PI*.  3.-  Conical  flo*  extensions. 
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Fig.  7e-  Relationship  between  vortex 
norms 1  force  end  residual  thrust* 
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Fig.  8.-  Kul fan ’ 8  method  of  predicting 
vortex  normal  force. 
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Fig.  11.-  Designed  transonic-maneuver  wing 
on  fuselage;  3/4  front  view,  VLM-SA. 
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Fig.  9.-  Carlson's  method  for  predicting 
residual  thrust. 
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Fig.  12.-  Features  of  Isolated  strake 
design  process. 
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Pig.  18.*  Cranked  wing  leading  edge  vortex 
node  ling;  A  -  1.60,  *m  -  0,  FVS. 


•  FORCE  AND  MOMENT  -  LONGITUDINAL 


Fig.  IS.-  Free  vortex  sheet  extension.; 
FVS. 
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Fig.  16.-  Theoretical  foraulatlon-panel 

■at hod- FVS. 


•  REYNOLDS  NUMBER  EFFECTS 

Fig.  19.-  Valldatton/appllcatlon  of 
theoretical  aethode. 


Fig.  30.-  Effect  of  round  LI  aodeliag  on 
vortex  lift,  A  -  3.31,  •  0. 
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Fig.  21.-  Longitudinal  aerodynamic 
characteristics  of  60°  delta  with  round 
LE;  A  -  2.31,  -  0 ,  QVLM-SA. 


Fig.  24.-  Longitudinal  aerodynamic 
characteristics  of  74°  delta  with 
deflectable  constant-chord  vortex  flap; 
a  «  14°,  Mm  -  0.3. 
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Fig.  22.-  Compressibility  effects  on 
forces  and  moments;  A  *  0.516  delta, 
a  -  20.8°. 
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Pig.  23*-  Longitudinal  aerodynamic 
characteristics  of  delta  vlng  with  conical 
LI  flap;  A  -  1.333,  M.  •  1.4,  YORCAM/Lan . 


ih 

Rtf  36 


Fig.  25.-  Span  load  distribution  for  arrow 
wing;  A  -  2.43,  A  -  67° ,  X  -  0.37, 

II  -  0.76. 
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Fig.  26.-  Longitudinal  a.rodjrnaalc 
eh.r.ct.rl.tle.  for  trmn.onlc- 

MD.uv.r  .log;  A  ■  1.363, 

-  76.6»/86.6»,  C^,,  -  0.50, 

Kd  »  0.00,  VUI-SA. 
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Fig.  27.-  Longitudinal  aerodynamic 
characteristics  for  AO  19  strake-ving-body 
configuration;  wing  A  -  2.5, 

A  •  44° ,  X  -  0.2,  k_  -  0.2. 


<Af  =  0.H  OEXPtHIMtNI  Utr  =  0.n 


MOW  Its 


Fig.  30.-  Spanwlse  pressure  distribution 
on  cropped  delta  wing;  A  •  63°, 

X  -  0.4,  a  -  20°,  U  -  0.3. 


Fig.  28.-  Longitudinal  aerodynamic 
characteristics  for  cranked  wing; 

A  -  1.10,  Al8  -  80°/85° ,  8.  -  0,  VLM-SA. 


Fig.  31.-  NASA/Boeing  arrow  wing  general 
arrangement  and  characteristics. 


Fig.  29.-  Spanwlse  pressure  distributions 
on  74°  delta  with  constant-chord  wortex 
flap;  «  -  14° ,  -  0.3. 


Fig.  32.-  Lift  and  lifting  pressure 
distributions  for  two  cranked  wings; 
«.  •  0,  QVLH-SF/two  wortex  model. 
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Pig*  33.-  Longitudinal  aerodynamic 
characteristics  and  surface  pressures  on 
cranked  wing;  A  -  1.60,  M  ■  0,  PVS. 
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Pig.  36.-  Oscillatory 
gothic  wing;  A  »  0.75 
SA/Lan. 


roll  damping  for 
N.  ■  0 ,  Unsteady 


Pig.  37.-  Effect  of  Reynolds  number  on 
vortex  flow  development — P-1 11  TACT  fllaht 
experiment-;  a  ■  6® ,  u  -0.6. 


Pif.  35.-  Stability  derivatives  for 
cropped  delta;  A  -  0.333,  X  •  0.5, 
a  -  50,  Um  -  0,  QVLM-S A . 


Pig.  38.-  LB  vortex  breakdown  trends  for 
sharp-edge  deltas;  Um  *  0, 
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•  ENHANCED  WING  LOW  -  TO  -  MODERATE  a  CHARACTERISTICS 

•  VORTEX  FLAPS 

•  VORTEX  GENERATORS 

•  LEADING  EDGE  EXTENSION  fOR  TRANSONIC  FIGHTER 

•  ENHANCED  WING-80DV  HIGH  a  CHARACTERISTICS 

•  LEADING  -  EDGE  EXTENSION  FOR  LOW  SPEED  GLIDER 

•  RAKED  TIP 

•  STRAKES 

•  JET  AUGMENTATION 

•  FUSELAGE  F0RE80DV  SHAPING 

Pig.  39.-  Vortex  control  devices. 


Pig.  42.-  Effect  of  hinge-line  location  on 
maneuver  L/D;  74°delta,  U  -  0.2. 
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Fig.  40.-  Types  of  vortex  flaps — flow  ! 

patterns-.  Pi*-  43.-  Effect  of  hinge-line  sweep  and  f 

vortex  flap  deflection  angle  on  wing  j 

performance;  11^  -  0.3.  j 
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DRAG  ANO  PlTCH-UP  CHARACTERISTICS 

Fig.  41.-  Characteristics  of  various 
vortex  flap  geometries — lower  surface-. 
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PYLON  VORft*  GENERATOR  FENCE  HO? 
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FIELD  ElOW  ACROSS  FENCE  •  ORAG  REDUCTION. 
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REFS-W  REF  M  S 

Fig.  44.-  Vortex  generators. 
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SUMMARY 

*An  experimental  investigation  was  conducted  to  assess  the  vortex  flow-field  interactions  on  an  ad¬ 
vanced,  twin-jet  fighter  aircraft  configuration  at  high  angles  of  attack.  Flow-field  surveys  were  con¬ 
ducted  on  a  small-scale  model  in  the  Northrop  0.41-  by  0.60-meter  water  tunnel  and,  where  appropriate, 
the  qualitative  observations  were  correlated  with  low-speed  wind  tunnel  data  trends  obtained  on  a  large- 
scale  model  of  the  advanced  fighter  in  the  NASA  Langley  Research  Center  30-  by  60-foot  (9.1-  by  18.3- 
meter)  facility.  Emphasis  was  placed  on  understanding  the  interactions  of  the  forebody  and  LEX -wing 
vortical  flows,  defining  the  effects  on  rolling  moment  variation  with  sideslip,  and  identifying  modifications 
to  control  or  regulate  the  vortex  interactions  at  high  angles  of  attack. 


The  water  tunnel  flow  visualization  results  and  wind  tunnel  data  trend  analysis  revealed  the  poten¬ 
tial  for  strong  interactions  between  the  forebody  and  LEX  vortices  at  high  angles  of  attack.  In  particu¬ 
lar,  the  forebody  flow  development  near  the  nose  could  be  controlled  by  means  of  carefully- positioned 
radome  strakes.  The  resultant  strake-induced  flow-field  changes  were  amplified  downstream  by  the  more 
powerful  LEX  vortical  motions  with  subsequent  large  effects  on  wing  flow  separation  characteristics. 


SYMBOLS 


Ct  -  Rolling  Moment  Coefficient 

C/p  -  Lateral  Stability  Parameter  (aC tf&0) 

CL  -  Lift  Coefficient 

Cn  -  Yawing  Moment  Coefficient 

Cy  -  Side  Force  Coefficient 

Re^-  Reynolds  Number  Based  on  Mean  Aerodynamic  Chord 
V®  -  Free-Stream  Speed,  Meters/Second 
o  -  Angle  of  Attack,  Degrees 
fi  -  Angle  of  Sideslip,  Degrees 

-  Leading- Edge  Flap  Deflection,  Degrees 
e  -  Forebody  Stroke  Radial  Position,  Degrees 


INTRODUCTION 

Current  and  future  fighter  aircraft  with  the  requirement  for  subaonic-t  ran  sonic  maneuver  capability 
are  characterised  at  mode rate-to- high  angles  of  attack  by  organised  flow  separation  in  the  form  of  concen¬ 
trated  vortices  shed  from  slender  fuselage  forebodies,  wings,  canards,  and  wing  leading-edge  extensions 
(LEXs).  These  vortical  motions  induce  highly-nonllnear  longitudinal  and  lateral-directional  characteris¬ 
tics.  Contributing  to  the  complexity  of  the  three-dimensional  flow-field  are  vortex  trajectory  asymmetries, 
vortex  breakdown  and  breakdown  asymmetries,  and  interactions  of  multiple  vortices.  Current  fighters 
and  designs  for  future  fighter  aircraft  are,  and  will  be,  operating  at  increasing  angles  of  attack  above 
maximum  lift,  where  such  nonlinear  flow-fields  exist.  Obtaining  a  working  understanding  of  the  principal 
fluid-dynamic  phenomena  is  a  necessity  for  developing  aircraft  designs  having  desirable  stability  and 
control  characteristics.  A  primary  objective  of  thla  study  la  to  improve  this  understanding. 


•  This  work  was  performed  for  NASA  Lengley  Research  Center  under  NASA  Contract  NA81-U6I7,  Mr. 
William  P.  Gilbert,  NASA  Technical  Monitor.  Contract  results  are  documented  in  NASA  CR-1WW9,  May 
1982. 


This  paper  will  discuss  (1)  representative  results  obtained  in  detailed  water  tunnel  flow  visualization 
studies  of  a  small-scale  model  of  a  current,  twin-engine  advanced  fighter  configuration ,  and  (2) 
correlations  of  the  qualitative  flow-field  observations  with  low-speed  wind  tunnel  data  trends  obtained  on 
a  large-scale  model  of  the  same  fighter. 

The  paper  will  commence  with  a  brief  discussion  of  the  confidence  with  which  a  water  tunnel  was 
utilized  in  the  present  investigation.  A  discourse  on  uncoupled  and  coupled  forebody  and  LEX-wing 
vortex  flows  will  be  presented  along  with  factors  contributing  to  vortex  interaction.  The  advanced 
fighter  model  and  associated  model  changes  will  be  described,  and  this  will  be  followed  by  discussions  of 
flow-field  results  obtained  on  the  baseline  model  and  the  model  with  forebody  geometry  modifications.  The 
paper  will  conclude  with  a  presentation  of  Northrop  low-speed  wind  tunnel  test  results  on  advanced 
fighter  models  that  support  the  main  findings  of  the  present  investigation. 


I.  WATER  TUNNEL  UTILITY  IN  THE  STUDY  OF  VORTICAL  MOTIONS  AT  HIGH  ANGLES  OF  ATTACK 

The  complex  vortex  interactions  on  LEX-wing  fighter  configurations  at  high  angles  of  attack  are  not 
well  understood  due  to  the  difficulty,  using  present-day  wind  tunnel  flow  visualization  techniques,  in 
visualizing  in  a  vivid  manner  highly-three-dimensional  vortical  motions.  For  the  present  study,  the 
Northrop  water  tunnel  facility  was  selected  to  provide  the  required  detailed  visualization  of  the  vortex 
flow -field. 

At  the  angles  of  attack  of  primary  interest  (30  to  40  degrees),  significant  regions  of  organized  flow 
separation  are  developed  on  the  slender  forebody  and  LEX  surfaces  regardless  of  Reynolds  number  value. 
The  dominant  vortical  flow  is  shed  from  the  sharp  edges  of  the  leading-edge  extensions  and,  conse¬ 
quently,  the  overall  behavior  of  the  LEX  vortices  is  relatively  insensitive  to  Reynolds  number.  Consid¬ 
eration  of  these  factors  led  to  the  hypothesis  that  the  water  tunnel  operating  at  low  speed  would  provide 
valid  qualitative  information  regarding  the  fundamental  vortex  flow  behavior  including  the  vortex  inter¬ 
actions  at  higher  Reynolds  number  conditions. 

Support  of  the  above  hypothesis  and  a  detailed  account  of  the  application  of  water  tunnels  to  the 
understanding  of  high  angle-of-attack  vortex  flows  are  provided  in  a  United  States  Air  Force-funded 
study  conducted  by  Northrop.  Results  are  documented  in  References  1  and  2. 


II.  UNCOUPLED  AND  COUPLED  FOREBODY  AND  LEX  VORTEX  FLOWS 

Uncoupled  Vortex  Flows.  Figure  1  presents  a  flight  photograph  of  a  current  fighter  aircraft  con- 
figuration.  The  water  tunnel  photograph  in  Figure  2  illustrates  the  vortex  flows  about  a  small-scale 
model  of  this  fighter  configuration  near  stall  angle  of  attack.  The  forebody  and  LEX  vortex  systems  are 
essentially  uncoupled  at  high  attitudes.  One  reason  for  this  is  that  the  LEX  vortex  under  steady  flow 
conditions*  cannot  persist  to  angles  of  attack  in  excess  of  30  degrees  due  to  LEX  area  limitations. 
Additional  factors  contributing  to  absence  of  strong  forebody  and  LEX  vortex  interaction  are  related  to 
the  LEX  surface  location  in  relation  to  the  fuselage  forebody  and  include:  (1)  low  wing  position,  and  (2) 
aft  and  outboard  LEX  positioning  dictated  by  the  side-mounted  engine  inlets.  Consequently,  this  type 
configuration  is  characterized  by  two  specific  angle-of-attack  regimes  within  which  either  the  LEX  vortices 
""  irrtptif'pc  #pp  dominant. 


FIGURE  1.  FLIGHT  PHOTOGRAPH  OF  CURRENT  FIGHTER  AIRCRAFT 


Reference  3,  for  example). 


the  LEX  vortices  can  persist  to  much  higher  angles  of  sttack  (see 
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FIGURE  2.  UNCOUPLED  FOREBODY  AND  LEX  VORTEX  FLOWS 


The  forebody  vortices,  which  dominate  at  high  angles  of  attack,  can  shed  asymmetrically  at  zero 
sideslip  if  the  forebody  is  sufficiently  slender.  This  flow  asymmetry,  depicted  in  Figure  3,  is  not  related 
to  any  influence  of  the  LEX -wing  flow-field  but,  instead,  is  due  in  large  part  to  an  apparent  in  viscid 
hydrodynamic  instability  phenomenon  (see  Reference  4).  The  forebody  primary  vortex  orientation  can  be 
tailored  by  means  of  forebody  shaping,  a  case  in  point  being  Northrop's  new  F-20A  Tigershark  forebody 
design.  Wind  tunnel  and  flight  test  results  documented  in  Reference  5  showed  that  forebody  geometry 
changes  influenced  primarily  the  yawing  moment  and  side  force  characteristics  with  a  lesser  effect  on 
rolling  moment.  The  data  suggest,  therefore,  only  a  weak  interaction  between  the  forebody  and  wing 
flow-fields. 

Coupled  Vortex  Flows.  The  vortex  flow-field  at  high  angles  of  attack  is  more  complex  on  advanced 
fighter  aircraft  that  are  characterized  by  large  LEXs  in  proximity  to  the  fuselage  forebody  as  illustrated 
in  the  flight  photograph  in  Figure  4.  Such  configurations  can  develop  strong  flow  interactions  through¬ 
out  the  extended  angle  of  attack  range  owing  to  the  persistence  of  the  vortical  motions  and  their  prox¬ 
imity  to  one  another.  An  example  of  the  strong  coupling  of  forebody  and  LEX  vortices  on  a  scale  model 
of  the  aircraft  shown  in  Figure  4  is  provided  by  the  water  tunnel  photograph  in  Figure  5.  The  flow-field 
is  characterized  by  symmetric  forebody  vortex  shedding  at  zero  sideslip  and  entrainment  of  this  vortex 
pair  by  the  dominant  LEX  vortical  flows.  It  will  be  shown  in  the  following  sections  that  this  multiple- 
vortex  interaction  can  be  very  sensitive  to  geometric  sideslip.  Furthermore,  modulation  of  the  forebody 
vortex  orientation  in  sideslip  can,  under  certain  conditions,  influence  the  wing  stall  behavior  and,  hence, 
rolling  moment  characteristics. 


III.  TEST  CONFIGURATIONS 

The  twin-jet,  advanced  fighter  configuration  is  illustrated  in  Figure  6.  Water  tunnel  flow-field 
surveys  were  conducted  on  a  0. 025-scale  model  in  the  Northrop  0.41-  by  0.60-meter  facility  at  a  free- 
stream  speed  of  0.1  meter  per  second  corresponding  to  a  Reynolds  number  of  approximately  10*  based  on 
mean  aerodynamic  chord.  The  model  forebody  was  instrumented  with  six  flush  dye  orifices  in  each  of  two 
longitudinal  rows  positioned  on  either  side  of  the  bottom  meridian  with  mirror  image  orifice  positions  on 
the  forebody  upper  surface.  Each  LEX  was  instrumented  with  three  external  dye  ports  suitably  posi¬ 
tioned  on  the  lower  surface  near  the  leading  edge  to  depict  the  vortex  core  and  vortex  roll-up.  Suction 
tubes  were  applied  to  the  model  exhaust  nozzles  to  provide  inlet  suction  to  simulate  a  realistic  inlet  mass 
flow  ratio.  Leading-  and  trailing-edge  flaps  were  deflected  35  degrees  and  0  degrees,  respectively.  This 
configuration  is  referred  to  as  the  baseline  model. 

Low-speed  wind  tunnel  tests  were  conducted  by  NASA  on  a  0.16-acale  model  of  the  fighter  config¬ 
uration  in  Figure  6  in  the  Langley  30-  by  60- foot  (9.1-  by  18. 3-meter)  facility.  Tests  were  conducted  at 
a  free  stream  speed  of  approximately  28  meters  per  second  corresponding  to  a  Reynolds  number  of  1.1 
(106)  based  on  mean  aerodynamic  chord. 

Water  tunnel  and  wind  tunnel  results  will  also  be  presented  for  the  configuration  with  forebody 
strakea  mounted  40  degrees  above  the  maximum  half  breadth  (MHB)  and  atrakes  mounted  along  the  MHB. 
The  strakes  are  depicted  in  Figure  7. 
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FIGURE  7.  ILLUSTRATION  OF  FOREBOOY  STRAKES 


IV.  BASELINE  RESULTS 

The  wring  leading-edge  extensions  on  the  advanced  fighter  configuration  develop  powerful  vortices 
at  moderate- to-high  angles  of  attack  that  induce  large  vortex-lift  increnfenta.  The  water  tunnel  photo¬ 
graph  in  Figure  8  illustrates  the  LEX  vortex  at  a  high  angle  of  attack  and  Figure  9  shows  a  flight  photo¬ 
graph  from  Reference  6  of  the  LEX  vortex  at  a  similar  attitude.  The  lift  trends  in  Figure  10  reveal  a 
nearly  50  percent  increase  in  lift  at  high  angles  of  attack  due  to  the  LEXs.  The  significant  increase  in 
maximum  lift  results  in  high  instantaneous  turn  capability  and  efficient  landing /takeoff  performance. 
Although  LEX  vortex  breakdown  has  advanced  far  upstream  on  the  wing  at  angles  of  attack  from  30  to  40 
degrees,  the  nonlinear  vortex-induced  lift  effects  remain  significant.  It  is  of  Interest  to  note  that  in 
full-scale  flight  tests  pilots  have  detected  a  sudden  increase  in  external  noise  intensity  at  these  high 
angles  of  attack  where  vortex  breakdown  occurs. 

The  LEX  vortex  flow-field  alters  the  wing  apanwise  lift  distribution.  Disturbance  to  the  vortex 
behavior  due  to  sideslip,  for  example,  can  promote  potentially-large  changes  in  the  spanwise  lift  dis¬ 
tributions  on  the  upwind  and  downwind  wing  panels.  Consequently,  in  the  design  of  an  efficient  leading- 
edge  extension,  one  strives  for  high  maximum  lift  concurrent  with  minimisation  of  the  sensitivity  of  vortex 
breakdown  to  sideslip  variations.  At  moderate-to-high  angles  of  attack  where  the  outboard  wing  sections 
are  stalled,  the  aircraft  can,  in  effect,  be  regarded  as  a  slender  wing-body  configuration.  It  is  well- 
established  (see  References  7  and  8)  that  such  configurations  exhibit  a  lateral  sensitivity  at  high  angles 
of  attack  due  to  asymmetric  leading-edge  vortex  breakdown  effectB.  This  vortex  breakdown  sensitivity 
due-to-sideslip  In  the  30-  to  40-degree  angle  of  attack  range  can  be  influenced  by  the  manner  ir.  which 
the  forebody  vortices  interact  with  the  LEX  vortex  flows,  as  described  below. 

Figure  II  shows  the  pair  of  concentrated,  symmetric  forebody  vortices  developed  on  the  LEX -wing 
fighter  configuration  at  high  angle  of  attack  and  tero  sideslip  and  the  entrainment  of  this  vortex  system 
into  the  low-pressure  region  induced  by  the  LEX  vortices.  For  comparison,  the  water  tunnel  photograph 
in  Figure  12  shows  a  highly -asymmetric  forebody  vortex  pattern  on  the  same  model  with  LEXs  removed.  In 
the  latter  case,  forebody  vortex  interaction  with  the  wing  flow -field  la  negligible.  This  example  is  purely 
academic,  however,  as  the  aircraft  could  not  achieve  this  high  angle  of  attack  without  the  benefit  of 
vortex  lift. 


LEX  VORTE)T| 
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FIGURE  8.  ADVANCED  FIGHTER  AIRCRAFT  LEX  VORTEX  FLOW  (WATER  TUNNELl 
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FIGURE  11.  CONCENTRATED,  SYMMETRIC  FOREBODY  VORTEX  FAIR  AT 
HIGH  ANGLE  OF  ATTACK 


FIGURE  12.  ASYMMETRIC  FOREBODY  VORTEX  SHEDDING  WITH  LEXl  OFF 


As  a  result  of  the  coupling  of  the  forebody-LEX  vortical  motions,  small  sideslip  changes  can  promote 
large  asymmetries  in  the  forebody  vortex  pattern.  This  is  illustrated  in  Figure  13.  The  downwind  body 
vortex  is  strongly  entrained  into  the  downwind  LEX  vortex  whereas  the  upwind  body  vortex  'shears'' 
away  from  the  fuselage  with  no  apparent  influence  on  the  downstream  flow  behavior.  This  flow  pattern 
was  very  repeatable. 

Previous  Northrop  and  NASA  studies  (References  9  and  10)  of  the  fighter  aircraft  shown  previously 
in  Figure  1  indicated  that  the  manner  in  which  the  forebody  vortioes  orient  themselves  in  sideslip  can  be 
correlated  with  the  level  of  directional  stability  exhibited  by  the  aircraft  at  high  angles  of  St  tack.  The 
vortex  flow  situation  ta  Illustrated  in  the  water  tunnel  photograph  in  Figure  14.  It  is  hypothesised  that 
this  type  of  correlation  can  be  extended  to  the  LEX-wtng  fighter  in  the  present  study.  With  the  support 
of  Usd  ted  flow  visualisation  and  wind  tunnel  data  trend  comparisons,  It  will  be  shown  that  the  forebody 
vortex  orientation  in  the  M-  to  40-degree  angle  of  attack  range  is  an  Indicator  of  the  lateral  suMlity 
exhibited  by  the  advanced  fighter  configuration  owing  to  the  coupled  nature  of  the  forebody  end 
LBX-wing  flow -fields. 
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FIGURE  14.  FORBSOOY  VORTEX  ORIENTATION  IN  SIDESLIP  ON  UNCOUPLED 
FOREBOOY  ANO  LEX  CONFIGURATION 


'"t!*!!™  Behavior  of  the  multiple  vorticee  generated  on  the  LEX-wing 
flatter  configuration  In  sideslip.  The  body  vortex  orientation  la  opposite  to  the  flow  aituation  shown  pre- 

^ta^u”^”atabUiwhteWhl»IS  I"  7^  vor,,e**  *ro  orated  is  consistent  with  the  low 

“T*“  or  lateral  stability  exhibited  in  the  low-speed  wind  tunnel  data  in  Figure  16.  There  is,  however 

t^nd.  ltQw.wi”  ronrl””rt?llh*1  ?****,  T°rtlc«*  strongly  affectthe  baseline  lateral  stability 

trends.  However ,  results  in  the  next  section  will  show  conclusively  that  the  forebody  vortex  orientation 
can  be  modulated  in  such  a  manner  as  to  significantly  modify  the  wing  stall  behavior. 


FOREBODY  MODIFICATIONS 


fnr.hxui7r^S^I f I”*”  '  i  -T1?-  *fl*‘tlTl.ty.7!  Wlng  flo"  “p*r*,ion  characteristics  to  changes  In  the 
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FIGURE  1«.  ROLLING  MOMENT  VARIATION  WITH  SIDESLIP  -  BASELINE  MOOEL 


Strakes  located  40  degrees  above  the  maximum  half-breadth  (MHB)  were  nearly  coincident  with  the 
primary  boundary  layer  separation  lines  along  the  radome  at  angles  of  attack  of  approximately  IS-  to  40- 
degrees.  In  sideslip,  the  strakes  (1)  promoted  symmetric  boundary  layer  separation  in  this  region,  and 
(2)  developed  a  pair  of  concentrated  vortices  that  were  observed  to  "feed"  directly  into  the  primary  fore¬ 
body  vortex  system.  As  a  consequence,  the  forebody  vortices  were  resistant  to  aayeunetric  orientation  in 
sideslip.  This  effect  is  illustrated  in  the  water  tunnel  photographs  in  Figure  IT.  At  small  sideslip  angles 
the  body  vortex  system  was  actually  biased  towards  the  upwind  side  (see  Figure  IT).  The  downwind 
forebody  vortex  would  periodically  pass  underneath  the  upwind  body  vortical  flow.  This  flow  situation  is 
consistent  with  smoke  flow  visualisation  conducted  by  NASA  researchers  in  the  Langley  30-  by  SO- foot 
wind  tunnel  on  the  0.16-scale  model.  The  atrake  effects  on  the  forebody-LEX  vortex  interactions  resulted 
in  powerful  vortex-induced  downwsah  and  sldewash  on  the  upwind  wing  panel,  thereby  delaying  complete 
wing  stall  to  angles  of  attack  In  excess  of  40  degrees.  The  vortex  flow  situation  as  observed  in  the 
water  tunnel  is  sketched  in  Figure  16  which  deptcts  a  transverse  cut  at  approximately  wing  mid-chord. 
For  comparison,  the  baseline  model  forebody  vortex  patterns  are  also  shown. 

The  lateral  aerodynamics  determined  In  low-speed  wind  tunnel  tests  are  consistent  with  the  flow- 
field  observations.  The  forebody  strakes  promote  a  highly  stable  variation  of  rolling  moment  with  sideslip 
at  angles  of  sttack  from  30-  to  40-degrees  as  shown  in  Figure  IF.  In  addition,  full-scale  flight  tests  con¬ 
firmed  the  Increased  lateral  stability  promoted  by  the  radome  strakes. 

!  Consistent  with  results  documented  in  Reference  t,  the  beneficial  effects  in  roll  are  accompanied  by 

unstable  yawing  moment  increments,  as  shown  in  Figure  It.  Additional  disadvantages  associated  with 
forebody  strakes  include  possible  degradation  of  radar  performance  and  Ingestion  of  the  St  rake  vortices 
into  engine  inlets  at  low  angles  of  attack.  The  strakas  also  induced  undesirable  lateral  oscillation 8  as 
described  below. 

In  contrast,  strakes  mounted  along  the  MHB  promote  large,  stable  yawing  moment  increments  at  the 
I  expense  of  favorable  fore  body  -  LEX  vortex  effects  on  rolling  moment  characteristics  -  This  is  illustrated 

in  the  low-speed  wind  tunnel  data  in  Figure  >6.  Figure  21  presents  water  tunnel  photographs  of  the  cor- 
i  responding  atrake  effects  on  forebody  and  LBX  vortex  interactions.  It  is  evident  that  strakes 

symmetrically-deployed  at  the  MHB  disrupt  the  forebody  vortices ,  thereby  uncoupling  the  forebody  and 
LEX-wing  flow-fields. 

I 

j  Free-to-roU  tests  conducted  in  the  Langley  wind  tunnel  revealed  a  modest  wing  rock  (amplitude  ilO 

degrees)  when  strakas  were  deployed  on  the  large-scale  model  at  4F  degress  above  the  MHB.  In  con¬ 
trast  .  the  baseline  model  was  free  of  any  lateral  oscillations.  These  results  are  consistent  with  the 
J  unsteady  forebody  vortices  observed  in  the  water  tunnel  and  wind  tunnel  on  the  respective  models  with 

i  strakes  installed  and  the  steady  vortex  patterns  developed  on  the  baseline  models.  Furthermore,  full- 

scale  flight  testa  confirmed  the  development  of  strake-tnduced  lateral  oscillations,  which  would  degrade 
.  the  flying  qualities  of  the  aircraft. 


VI.  SUPPORTIVE  WIND  TUNNEL  DATA 

Lateral  sensitivity  at  high  angles  of  attack  is  an  inherent  characteristic  of  any  slender  wing  fighter 
configuration  that  develops  largo  amounts  of  vortex-induced  lift.  Low-speed  wind  tunnel  date  trends  cor¬ 
responding  to  two  LEX-wing  fighters  are  shown  in  Figure  22.  Results  show  highly -nonlinear  rolling 
moment  variations  with  sideslip  due  to  asymmetric  LEX  vortex  breakdown. 


MOUBE  1*.  EXETCH  OF  FOREBODY  STBAKE  EFFECT  ON  BODY  VORTEX  PATTERNS 


FIGURE  20.  EFFECT  OF  FOREBODY  STRAKES  AT  THE  MAXIMUM  HALF  BREADTH  ON 
ROLLING  MOMENT  AND  YAWING  MOMENT  VARIATION  WITH 
SIDESLIP.  S„  ■  25  DEGREES. 


FIGURE  22.  ROLLING  MOMENT  VARIATION  WITH  SIDESLIP  FOR  LEX-WING  FIGHTER 
CONFIGURATIONS;  Sn  -26  DEGREES 
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Strong  coupling  of  for® body  and  LEX  vortex  flows  at  high  angles  of  attack  has  been  evident  in 
Northrop  low-speed  wind  tunnel  tests  of  advanced  fighter  configurations.  Figure  23  presents  rolling 
moment  variations  with  sideslip  for  s  slender  fighter  model.  The  data  indicate  that  flow-field  changes 
associated  with  the  addition  of  surface  roughness  or  wire  trips  to  the  fuselage  forebody  propagate  down¬ 
stream  to  affect  the  wing  aerodynamics.  The  effects  of  grit  and  wire  trips  on  rolling  moment  variation 
with  sideslip  are  opposite.  The  phenomenological  aspects  of  the  respective  forebody-LEX  vortex  inter¬ 
actions,  however,  are  not  well-understood  at  the  present  time. 


Recent  teats  in  the  Northrop  low-speed  wind  tunnel  have  indicated  that  acceptable  levels  of  lateral 
stability  can  be  achieved  by  manipulation  of  the  forebody  slenderness.  Figure  24  presents  the  effect  of 
forebody  fineness  ratio  on  the  minimum  value  of  the  static  lateral  stability  parameter,  C )  .  With  the  aid 

P 

of  water  tunnel  flow  visualisation  tests,  it  was  determined  that  increased  forebody  slenderness  displaced 
the  forebody  vortices  away  from  the  LEX-wing  flow-field,  thereby  reducing  an  unfavorable  coupling  mech¬ 
anism  that  existed  at  lower  fineness  ratios. 


VII.  CONCLUSIONS 

Advanced  fighter  configurations  with  slender  forebodies  and  highly-swept  wing  leading-edge  exten¬ 
sions  develop  powerful  vortices  on  the  forebody  and  LEX  surfaces  at  mode rate-to- high  angles  of  attack. 
On  cioeely-coupled  forebody-LEX  configurations  the  flow  field  is  characterised  by  strong  interactions 
between  the  multiple  vortices.  Furthermore,  the  global  flow-field  become  ante  complex  in  eidealip 
because  of  the  asymmetric  manner  in  which  the  forebody  vortices  interact  with  the  LBX  vortical  motion*. 

Water  tunnel  flow  visualisation  studies,  low-speed  wind  tunnel  tests,  and  full-scale  flight  investi¬ 
gations  have  shown  that  under  certain  conditions  the  extent  to  which  flow  separation  occurs  on  the  wings 
la  related  to  the  forebody  vortex  flow  development.  Symmetrically-deployed  radoam  at  rakes  can  modulate 
the  forebody  vortex  interaction  with  the  LEX-wing  flow-field  to  reduce  wing  flow  separation  in  sideslip 
and,  hence,  Improve  lateral  stability  at  high  angles  of  attack.  Concurrent  with  this,  however,  are  off¬ 
setting  penalties  such  as  yaw  instability  and  lateral  oscillations.  Further  research  is  needed  to  better 
understand  these  stability  trades  and  to  identify  better  forebody  designs. 
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|  DESIRED  REGION  | 


FIGURE  24.  EFFECT  OF  FOREBOOV  FINENESS  RATIO  ON  MINIMUM  C,  OF 
ADVANCED  LEX-WING  FIGHTER  CONFIGURATIONS  P 
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SUMMARY 

^Wind  tunnel  tests  have  been  performed  to  measure  the  leeside  flow  field  of  a 
generalised  missile  model  at  an  angle  of  attack  of  14*  and  freestream  Mach  numbers  of  0.7 
and  1.8.  Flow  field  data  are  presented  for  a  station  towards  the  rear  of  the  model 
showing  the  flow  structure  for  the  body  alone  and  the  effects  of  mounting  a  cruciform  set 
of  delta  fins  near  to  the  nose  and  near  to  the  base.  The  data  presented  include  vector 
plots  of  the  components  of  velocity  in  the  cross  flow  plane,  the  distributions  of  local 
total  pressure,  local  Mach  number  and  vorticity.  The  presence  of  the  set  of  forward 
mounted  fins  and  its  roll  orientation  has  been  found  to  have  a  significant  effect  on  the 
development  of  the  body  vortices.  Fins  mounted  towards  the  rear  of  the  body  were  found 
to  disrupt  the  body  vortex  feeding  region  but  had  little  effect  on  the  vortex  centres 
unless  these  lay  in  or  very  close  to  the  plane  of  the  fins. 

LIST  OF  SYMBOLS 

d  body  diameter 

H  total,  or  stagnation,  pressure  of  freestream 

M  Mach  number  of  freestream 

r  radial  position  measured  from  body  axis 

V  velocity  of  freestream 

v  velocity  component  along  Oy 

w  velocity  component  along  O* 

x , y, z  position  coordinates;  origin  0  at  body  nose  with  x  measured  aft  along  body 

axis,  y  positive  to  starboard,  z  positive  to  leeward  (upwards).  Oxz  plane 
coincident  with  angle  of  attack  plane.  (See  also  Fig  1). 

r  circulation  evaluated  round  a  contour  by  a  line  integral  of  the  components  of 

velocity  in  the  crossflow  plane,  v  and  w.  Positive  anti-clockwise  looking 
forward. 

■y  non-dimensional  circulation  (y  ■  T/tdVsino) 

X  model  roll  angle,  positive  starboard  tip  down,  fins  horizontal  and  vertical  at 

X  «  O*. 

I  vorticity  component  parallel  to  the  body  axis  (£  * 

C  non -dimens ion 1  vorticity  component  *  £(d/Vaine)) 

a  model  angle  of  attack 

SUBSCRIPT 

L  local  value  of  a  quantity;  eg  Hl,  local  stagnation  pressure. 
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INTRODUCTION 


The  flow  fields  around  manoeuvring  missiles  are  dominated  by  the  presence  of 
vortices  generated  by  various  parts  of  the  missile  airframe.  The  interaction  of  these 
vortex  flows  with  the  missile  components,  in  particular  lifting  surfaces,  can  give  rise 
to  non-linear  aerodynamic  forces  and  moments.  Even  at  moderate  angles  of  attack  of  20* 
or  less  this  can  result  in  a  severe  loss  of  stability,  or  control  problems  which  current 


aerodynamic  prediction  methods  may  be  unable  to  predict  accurately.  As  a  step  towards 
improving  the  aerodynamic  prediction  capabilities  in  these  areas  a  comprehensive  series 
of  experiments  are  being  performed  in  the  RAE  8  ft  x  8  ft  Wind  Tunnel. 

The  first  set  of  experiments  measured  overall  and  fin-panel  forces  and  moments  for 
an  axisymmetric  body  fitted  with  various  cruciform  fin  arrangements.  These  experiments 
are  being  followed  by  measurements  of  the  flow  fields  around  the  same  model,  including 
the  body  alone  and  the  body  with  forward  or  aft  mounted  fins.  Some  of  the  force  and 
'  oment  data  have  been  presented  in  Ref  1  together  with  the  results  of  an  approximate 
panel  load  estimation  method  using  data  derived  from  the  preliminary  flow  field  surveys. 
Also  presented  in  Ref  1  are  a  limited  number  of  plots  illustrating  flow  field  structure. 
Ref  2  tabulates  all  the  flow  field  data  obtained  to  date  and  presents  vec’or  plots  of  the 
cross  flow  velocity  fields. 

The  present  paper  presents  only  that  portion  of  the  available  flow  field  data  which 
shows  the  effects  of  adding  fins  in  either  a  forward  or  aft  position  to  an  axisymmetric 
body  at  an  angle  of  attack  of  14*  for  freestreara  Mach  numbers  of  0.7  and  1.8.  The  data 
are  presented  chiefly  in  the  form  of  vector  plots  showing  the  components  of  flow  field 
velocity  in  the  cross  flow  plane,  together  with  contour  plots  showing  the  local  total 
pressure  and  vorticity  distributions.  Additional  information  is  given  for  some  of  the 
flow  fields  in  the  form  of  local  Mach  number  distributions  (contours),  and  topographical 
or  "relief"  plots  of  local  total  pressure  and  vorticity  distributions. 

2  MISSILE  MODEL  AND  FLOW  SURVEY  EQUIPMENT 

The  model  used  in  the  flow  field  experiments  is  illustrated  in  Fig  1.  Overall 
length  of  the  body  is  13  calibres(d)  including  the  1.5d  tangent  ogive  nose  which  i9 
spherically  blunted  by  a  radius  of  0.05d.  A  cruciform  set  of  delta  fins  set  at  zero 
incidence  with  respect  to  the  body  can  be  carried  in  either  a  forward  or  rear  location: 
as  shown.  The  fins  have  an  exposed  semi-span  of  Id  with  a  leading  edge  sweep  angle  of 
45*,  and  a  double  wedge  section  with  a  thickness  to  chord  ratio  of  0.1. 

Flow  surveys  are  performed  using  a  set  of  five-hole  yawmeters  which  have  been 
calibrated  at  11  Mach  numbers  from  0.4  to  2.0  and  for  angles  of  attack  up  to  39*.  The 
yawmeters  are  carried  on  a  purpose  built  traversing  rig  mounted  coaxially  with  the  model: 
a  three-view  drawing  of  the  arrangement  is  shown  in  Fig  2.  The  traversing  rig  houses  an 
axial  drive  to  which  various  extension  stings  can  be  added  to  place  the  yawmeters  at  any 
desired  axial  location  along  the  model.  Data  are  obtained  throughout  the  chosen  cross 
flow  plane  ( ie  a  plane  normal  to  the  body  axis)  by  using  a  combination  of  the  radial 
drive  built  into  the  traversing  rig  and  by  rolling  the  entire  traversing  rig  around  the 
model.  The  data  acqusition,  including  traverse  movement,  is  computer  assisted.  At 
supersonic  speeds  an  array  of  four  yawmeters  (illustrated)  is  used  while  at  subsonic 
speeds  a  single  yawmeter  is  used  in  order  to  minimise  interference.  An  important  feature 
of  the  test  facilities  is  the  on-line  production  of  a  flow  field  display  in  the  form  of  a 
vector  plot  of  the  cross  flow  velocities.  This  is  achieved  by  using  a  sm>il  graphics 
computer  with  a  simplified  data  reduction  program  employing  approximate  polynominal  fits 
to  the  calibration  data.  This  facility  allows  the  on-line  identification  of  interesting 
areas  of  the  flow  field,  ensures  adequate  data  coverage,  and  provides  a  check  on  data 
quality. 

3  TEST  PROGRAMME  AND  PRESENTATION  OF  RESULTS 

The  full  range  of  cases  that  have  been  investigated  to  date  is  shown  in  Table  1. 

The  flow  survey  cases  presented  in  this  paper  (marked  with  an  asterisk  in  Table  1)  are 
restricted  to  a  body  angle  of  attack  (o)  of  14*  and  freestream  Mach  numbers  (M)  of  0.7 
and  1.8:  the  Reynolds  number  was  kept  constant  throughout  at  0.62  x  10®,  based  on  body 
diameter.  The  data  presented  here  illustrate  the  body  alone  flow  fields  at  the  rear 
hinge  position  (11.5d  from  the  nose)  together  with  the  changes  in  the  flow  fields 
resulting  from  adding  a  cruciform  set  of  delta  fins  at  both  the  forward  and  rear 
locations . 

For  the  case  of  body  plus  forward  mounted  fins (as  in  a  canard -control  arrangement ) 
flow  surveys  are  presented  for  model  roll  angles  (X)  of  0*  and  -45* (see  Fig  1).  With 
fins  mounted  at  the  rear  location,  such  as  would  occur  with  a  rear-controlled  missile, 
flow  surveys  were  performed  for  three  model  roll  angles,  X  ■  0*,  -45*  and  -72*.  The 
surveys  were  performed  in  this  case  in  a  plane  12. 2d  from  the  nose  which  placed  the 
yawmeters  0.34d  behind  the  trailing  edges  of  the  fins.  For  all  the  "symmetrical" 
configurations  (X  »  0*  and  -45*)  only  the  starboard  leeside  quadrant  was  investigated, 
but  for  the  rear  mounted  fins  at  X  ■  -72*  both  leeside  quadrants  were  surveyed.  In  the 
latter  case  the  model  roll  angle  was  chosen  so  that  one  of  the  leeward  fins  lay  close  to 
the  body  vortex  centre.  The  radial  extent  of  the  flow  surveys  was  determined  by  the 
capabilities  of  the  traversing  rig.  At  subsonic  speeds  (using  a  single  yawmeter)  the 
coverage  was  from  an  inner  radius  of  0.575d  to  an  outer  radius  of  1.5d,  the  corresponding 
distances  at  supersonic  speeds  (rake  of  4  yawmeters)  were  0.55d  and  2.3d. 

After  completion  of  the  wind-tunnel  tests  the  data  are  processed  by  a  "table 
look-up"  program  which  employs  the  full  calibration  data  base  to  derive  the  final  flow 
field  results  as  presented  In  this  paper.  The  accuracy  of  the  final  results  is  estimated 
to  be:  yawmeter  pitch  and  yaw  angles  to  ±0.3*,  local  Mach  number  to  ±0.01  and  local  total 
pressure  to  ±1.5%.  Positional  accuracy  in  the  cross  flow  plane  Is  better  than  ±0.002d. 


The  data  presented  In  this  paper  mainly  comprise  vectorial  representations  of  the 
velocity  components  in  the  cross  flow  plane  (henceforth  referred  to  as  vector  plots)*  and 
contour  plots  of  the  local  total  pressure.  Por  some  of  the  flow  fields  the  distribution 
of  vorticity  has  also  been  presented  as  contour  plots.  Additional  representations  of 
some  of  the  flow  fields  have  been  made  in  the  form  of  local  Hach  number  distributions 
(contours)  and  topographical  or  "relief  plots  of  local  total  pressure  and  vorticity 
distributions.  The  cross  flow  velocity  vector  lengths  are  scaled  to  the  freestream  cross 
flow  component  (Vsino),  shown  on  the  plots  springing  from  the  body  axis,  while  the  local 
total  pressure  and  Mach  number  are  presented  as  ratios  of  the  corresponding  freestream 
values.  The  values  of  vorticity  have  been  presented  in  non-dimensional  form  as  shown  in 
the  list  of  symbols.  Finally,  in  order  to  maintain  clarity  of  presentation  some  of  the 
available  data  have  been  omitted  from  some  of  the  vector  plots. 

4  DISCUSSION  OF  RESULTS 

4 . 1  ADDITION  OF  THE  FORWARD  MOUNTED  FINS  TO  THE  BODY  ALONE 

The  structure  of  the  body  alone  flow  field  and  the  effect  of  adding  forward  mounted 
fins  at  roll  angles  of  O’  and  -45*  are  illustrated  in  Figs  3  to  8.  Data  are  presented 
for  a  station  11. 5d  aft  of  the  nose  at  a  -  14‘  for  M  »  0.7  and  1.8.  The  vortex  flows 
presented  here  for  the  body  alone  are  similar  to  those  found  by  other  investigators  and 
reported  in  Refs  3  to  11. 

4.1.1  Results  for  M  -  0.7 

The  cross  flow  velocity  field  of  the  body  alone  is  shown  in  Fig3(a).  A  well 
developed  body  vortex  is  readily  apparent  together  with  its  feeding  sheet,  resulting  from 
the  separation  of  the  body  boundary  layer.  (The  innermost  radial  position  of  the 
yawmeter  is  0.575d  and  does  not  allow  the  position  of  the  separation  line  to  be 
estimated).  At  this  angle  of  attack  (o  *  14")  the  flow  field  is  symmetrical  and  a  good 
indication  of  this  is  shown  by  the  alignment  of  the  cross  flow  velocity  vectors  along  the 
vertical  meridian.  Additional  data  (not  shown)  have  been  recorded  in  the  left  hand  side 
of  the  cross  flow  plane  which  confirm  this  symmetry. 

Fig  3(b)  shows  the  corresponding  distribution  of  total  pressure.  The  vortex  is 
shown  as  a  nearly  circular  region  of  low  total  pressure,  the  centre  of  which  appears  to 
provide  a  good  indication  of  the  location  of  the  centre  of  the  vortex.  This  position, 
marked  by  a  dot  in  a  circle,  has  also  been  shown  on  the  vector  plot  in  Fig  3(a).  The 
feeding  sheet  shows  up  as  a  fairly  diffuse  feature  and  the  term  "feeding  region"  is 
probably  more  appropriate.  It  should  be  noted  that  whilst  a  contour  value  of  hl/h  -  1.0 
has  been  included,  its  position  should  be  regarded  with  some  caution  as  it  is  in  a  region 
of  low  total  pressure  gradient. 

The  distribution  of  vorticity  has  been  derived  and  is  displayed  in  its  non- 
dimensional  form  <c)  in  Fig  3(c).  The  vortex  centre  derived  from  the  total  pressure  plot 
has  been  plotted  in  Fig  3(c)  and  lies  in  the  centre  of  the  area  of  maximum  vorticity. 

The  region  of  vorticity  (for  clarity  delineated  arbitrarily  by  the  contour  f  *  1)  can  be 
seen  to  cover  an  area  comparable  to  that  experiencing  a  loss  in  total  pressure.  It  would 
be  difficult  to  define  the  extent  of  a  core  region  for  the  body  vortex  since  the 
vorticity  and  the  total  pressure  losses  are  spread  over  a  large  region  in  the  lee  of  the 
body.  However,  a  contour  c  -  10  would  approximately  mark  the  outer  boundary  of  the  area 
of  higher  vorticity  gradient.  This  occurs  at  a  radius  of  about  0.12d  and  is  comparable 
to  the  size  of  the  region  of  higher  total  pressure  gradient.  The  distribution  of 
vorticity  illustrates  the  diffuse  nature  of  the  feeding  region  which  shows  a  marked 
reduction  in  the  levels  of  vorticity  and  vorticity  gradients  as  distance  from  the  body 
increases.  The  circulation  of  the  body  vortex  (excluding  most  of  the  feeding  region)  has 
been  determined  for  the  arbitrarily  chosen  contour  C  ■  5  shown  in  Fig  3(c).  This  does 
not  Include  all  the  body  vortex  vorticity  but  avoids  difficulties  of  separating  the  main 
body  vortex  from  the  feeding  region.  The  value  obtained  in  this  way  was  y  -  0.28.  (The 
rate  at  which  vorticity  is  convected  from  the  body  via  the  feeding  region  is  Important, 
but  is  beyond  the  scope  of  the  present  paper). 

The  effect  of  adding  the  fins  at  the  forward  location  for  I  -  0"  is  illustrated  in 
Fig  4  (fins  horizontal  and  vertical).  The  strong  vortex  structure  of  the  body  alone  is 
absent,  leaving  only  a  very  weak  recirculating  region.  What  was  the  body  vortex  feeding 
region  now  passes  out  of  the  upper  boundary  of  the  surveyed  area  as  a  relatively  thick 
shear  layer  separating  the  essentially  freestream  outer  flow  from  a  body  lee  side  flow 
which  is  approximately  parallel  to  the  body  axis.  The  forward  fins  seem  to  be  preventing 
the  rolling  up  of  the  feeding  region  to  form  a  normal  body  vortex  system.  It  is  possible 
that  the  trailing  wake  from  the  fins  is  the  cause,  but  a  more  extensive  survey  would  be 
required  to  establish  that  this  was  so,  as  the  tip  vortex  does  not  lie  within  the 
presently  surveyed  area. 

At  J  •  -45"  the  addition  of  forward  fins  ('X'  orientation)  produces  the  flow  shown 
in  the  vector  plot  of  Fig  5(a).  The  body  vortex  has  been  considerably  weakened,  but  is 
still  present.  The  vortex  shed  by  the  forward  starboard  windward  fin  is  present  in  the 
top  right  of  the  survey  field.  This  feature  is  made  clearer  in  rig  5(b)  in  which  the 
uniform  cross  flow  velocity  of  the  freestream  has  been  removed  from  the  measured  flow  so 
that  the  datum  flow  direction  (null  vector)  is  in  the  freestream  direction.  A 
symmetrical  vortex  will  appear  as  a  symmetrical  region  of  circulating  flow  if  the  axis  of 


the  vortex  has  no  velocity  component  relative  to  the  chosen  datum  flow  direction.  For 
this  reason,  and  because  the  body  vortex  is  following  a  path  nearly  parallel  to  the  body 
axis,  the  body  vortex  is  more  easily  seen  in  Fig  5(a)  in  which  the  datum  flow  direction 
is  parallel  to  the  body  axis.  The  fin  vortex  is  following  a  path  more  nearly  aligned  to 
the  freestream  direction  and  so  is  better  seen  in  Fig  5(b). 

Fig  5(c)  is  a  contour  plot  of  the  distribution  of  total  pressure.  The  body  vortex 
is  shown  as  a  fairly  weak  feature,  both  in  comparison  to  the  fin  vortex  and  to  the  body 
vortex  for  the  body  alone  (Fig  3(b)).  Compared  to  the  latter  case,  the  location  of  the 
body  vortex  has  been  rotated  slightly  to  windward  and  moved  closer  to  the  body, 
presumably  under  the  influence  of  the  fin  vortices.  The  corresponding  vorticity 
distribution  is  shown  in  Pig  5(d)  and  superimposed  are  the  vortex  centres  determined  from 
the  distribution  of  total  pressure  of  Fig  5(c).  The  total  pressure  and  vorticity 
distributions  indicate  a  possible  link  between  the  fin  tip  vortex  and  the  body  vortex. 

The  body  vortex  for  the  body  alone  case.  Fig  3(c),  is  considerably  stronger  than  the  fin 
tip  vortex  seen  in  Fig  5(d).  An  approximate  determination  of  the  strength  of  the  main 
part  of  the  tip  vortex  has  been  made  by  employing  the  contour  5  =  5  and  a  value  of  y  * 
0.14  was  derived.  This  compares  with  the  body  alone  vortex  strength  of  y  =  0.28  and 
illustrates  the  importance  of  the  body  vortex  in  determining  missile  aerodynamic 
characteristics. 

The  distribution  of  local  Mach  number  shown  in  Fig  5(e)  is  also  a  useful  indicator 
of  flow  structure  and,  for  this  relatively  complex  flow  field,  presents  an  almost 
identical  picture  to  the  total  pressure  plot  of  Fig  5(c),  including  the  location  of  the 
vortex  centres.  Note  the  decreased  Mach  number  in  the  vortical  regions  and  the  increase 
in  local  Mach  number  round  the  shoulder  of  the  body. 


4.1.2  Results  for  M  «  1.8 

The  body  alone  flow  field  is  shown  in  Fig  6(a).  One  of  the  main  differences 
compared  to  M  *  0.7  is  that  the  body  vortex  is  positioned  about  75%  further  from  the  body 
surface,  however  its  angular  location  from  the  vertical  meridian  is  virtually  unchanged. 
The  corresponding  variation  of  total  pressure  in  the  survey  plane  is  presented  in  Fig 
6(b).  Qualitatively  this  is  very  similar  to  that  pertaining  at  M  ■  0.7  but  the  maximum 
loss  in  total  pressure  is  about  four  times  as  large,  and  the  overall  area  of  reduced 
total  pressure  is  greater.  The  distribution  of  vorticity  presented  in  Fig  6(c)  shows 
higher  maximum  Levels  than  foe  H  *  0.7  but  the  qualitative  features,  such  as  the  more 
diffuse  nature  of  the  vorticity  in  the  feeding  region  as  the  distance  from  the  body 
increases,  are  very  much  the  same.  The  circulation  of  the  body  vortex  has  been 
calculated  for  the  contour  5*5  shown  In  Fig  6(c)  and  yields  a  value  of  y  *  0.35  which 
compares  with  y  *  0.28  at  M  *  0.7.  In  spite  of  the  increased  vortex  strength  there  is 
only  a  slight  increase  in  the  size  of  the  vortex  core  region.  Inspection  of  the 
distribution  of  total  pressure  and  vorticity  for  M  ■  1.8  implies  a  central  core  region  of 
about  0.15d  radius  (0.12d  at  M  «=  0.7);  but,  as  at  M  ■  0.7,  there  is  no  clearly  defined 
boundary  and  these  dimensions  are  therefore  only  approximate. 

A  further  feature  of  the  flow  field  for  M  *  1.8  (and  not  so  readily  seen  at  M  * 

0.7)  is  what  is  probably  the  result  of  a  secondary  boundary  layer  separation,  shown  in 
Fig  6(b)  by  the  trough  in  total  pressure  at  a  roll  angle  of  about  30“  from  the  vertical 
meridian,  and  in  Fig  6(c)  as  a  region  of  negative  vorticity.  The  vector  plot  of  Fig  6(a) 
shows  the  presence  of  a  small  vortex  region  corresponding  to  the  negative  contours  in  Fig 
6(c).  However,  the  two  groups  of  vectors  in  the  Innermost  row  which  indicate  strong 
flows  towards  the  body  are  possibly  artifacts  of  the  experimental  technique  since  the 
yawmeter  was  very  close  to  the  model  surface  and  in  a  region  which  may  have  been 
especially  sensitive  to  disturbance  at  supersonic  speeds  due  to  shockwave -boundary  layer 
interaction . 

The  changes  in  vortex  strength  and  location  between  M  «  0.7  and  M  *  1.8  can  be 
compared  with  the  general  trends  presented  in  Fig  5  of  Ref  12  (which  presents  a 
compilation  of  experimental  data  on  body-vortex  characteristics).  The  increased  vortex 
strength  at  M  ■  1.8  is  in  general  agreement  with  the  results  of  Ref  12,  as  is  the  change 
in  the  horizontal  location  of  the  vortex.  The  experimental  data  presented  in  Ref  12  are 
not  sufficiently  comprehensive  to  describe  the  effects  of  Mach  number  on  vortex  vertical 
location,  but  the  vortex  locations  obtained  from  the  data  herein  lie  within  the  spread  of 
data  in  Ref  12. 

When  forward  fins  at  X  *  0“  were  added  to  the  body  for  M  ■  1.8  the  flow  field  was 
modified  to  that  shown  in  Fig  7.  The  location  of  the  body  vortex  has  been  altered 
significantly,  moving  closer  to  the  body  and  being  rotated  to  windward.  Evaluation  of 
the  circulation  around  the  contour  5*5  seen  in  Fig  7(b)  shows  that  the  body  vortex  has 
been  reduced  in  strength  from  y  *  0.35  for  the  body  alone  to  y  *  0.24  with  the  fins 
present.  The  primary  boundary  layer  separation  on  the  body  still  feeds  the  body  vortex, 
and  there  is  still  evidence  for  the  presence  of  a  secondary  boundary  layer  separation. 
Therefore,  although  the  flow  has  been  considerably  altered  by  the  presence  of  the  forward 
fins,  the  basic  flow  structure  Is  still  generally  similar  to  the  body  alone  case.  This 
is  In  marked  contrast  to  the  case  for  M  «  0.7  where  the  formation  of  the  body  vortex  was 
entirely  prevented. 

Pig  7(b)  shows  an  area  of  vorticity  lying  above  the  body  vortex.  This  vorticity 
probably  originates  from  the  starboard  fin  and  can  be  loosely  described  as  the  fin  tip 
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vortex.  Two  vortex  centres  are  implied  by  the  data,  the  stronger  of  the  two  being  near 
to  the  edge  of  the  surveyed  area.  The  vector  plot  of  Fig  7(c)  shows  the  cross  flow 
velocity  vectors  relative  to  the  freestream  direction,  and  reveals  the  presence  of  the 
double  tip  vortex.  Figs  7(d)  and  7(e)  respectively  present  relief  plots  of  the  total 
pressure  and  vorticity  distributions,  and  provide  a  useful  adjunct  to  the  contour  plots. 
Fig  7(d)  illustrates  the  total  pressure  losses  associated  with  the  various  vortex 
structures  and  shows  a  "valley''  connecting  the  body  vortex  and  feeding  region  with  the 
fin  tip  vortex  region.  The  vector  plot  of  Fig  7(c)  shows  that  fluid  from  the  fin  vortex 
region  is  flowing  towarls  the  body  vortex.  Therefore  the  fin  wake  is  the  probable  source 
of  the  total  pressure  "valley".  The  relief  plot  of  vorticity  (Fig  7(e))  shows  the 
relative  strengths  of  the  vortex  regions  well.  Whereas  a  connecting  feature  between  the 
two  main  vortex  regions  was  seen  in  Fig7(d),  no  strong  link  between  these  areas  is 
apparent  in  the  vorticity  distributions,  although  there  are  indications  that  some 
vorticity  may  be  present  in  this  region,  see  Fig  7(b).  The  rapid  reduction  in  the  level 
of  vorticity  in  the  feeding  region  with  increasing  distance  from  the  body  surface  is 
clearly  shown. 

With  the  forward  fins  at  X  *  -45*  the  results  shown  in  Fig  8  were  obtained.  The 
estimated  positions  of  the  total  pressure  minima  are  shown*  for  the  body  vortex  a  circle- 
dot  symbol  has  been  used,  while  the  vortex  from  the  starboard  windward  fin  (labelled  as 
'FIN')  is  shown  by  a  cross.  The  position  of  the  maximum  vorticity  for  the  fin  vortex  is 
shown  by  a  dot  in  a  triangle.  Note  that  the  total  pressure  and  vorticity  centres  for  the 
fin  vortex  do  not  coincide  for  this  case.  While  this  may  be  due  to  experimental 
inaccuracies  it  is  not  thought  to  be  so,  and  the  result  is  probably  genuine.  Also  shown 
by  Figs  8(a)  and  8(b)  is  a  region  of  vorticity  associated  with  a  total  pressure  loss,  and 
marked  'A*.  In  comparison  with  the  case  for  X  *  0*  the  body  vortex  is  more  diffuse  with 
lower  values  of  total  pressure  loss  and  lower  maximum  vorticity.  For  X  »  0*  the  maximum 
vorticity  of  the"  body  vortex  was  approximately  in  the  centre  of  the  area  enclosed  by  the 
5  *  1  contour,  while  for  X  »  -45*  this  is  no  longer  so,  and  the  body  vortex  is  therefore 
less  symmetrical.  The  body  vortex  centre  defined  by  the  total  pressure  minimum  and 
vorticity  maximum  is  close  to,  but  slightly  outboard  of  the  position  found  for  X  «  0*. 

The  vorticity  contours  for  the  fin  vortex  show  a  lobe  extending  towards  the  body 
vortex  region,  with  a  small  matching  lobe  extending  from  the  latter  as  if  to  link  the  two 
regions  together.  Another  such,  but  weaker,  affinity  is  suggested  between  feature  'A' 
and  the  body  vortex.  These  linking  areas  can  also  be  seen  in  the  total  pressure  contour 
plot,  where  that  associated  with  'A'  is  the  more  pronounced.  It  seems  possible  that  *A* 
and  the  associated  linking  feature  may  represent  the  presence  of  fluid  from  the  wake  of 
the  forward  leeward  fin. 

Vector  plots  are  shown  in  Fig  8(c),  relative  to  the  body  axis  as  measured,  and  Fig 
8(d),  relative  to  the  freestream  (by  subtracting  the  uniform  cross  flow  component  of  the 
freestream  flow).  Also  shown  in  these  figures  are  the  vortex  'centres'  derived  from 
total  pressure  and  vorticity  distributions,  as  described  above.  The  alignment  of  the 
flow  vectors  gives  a  visual  impression  of  the  position  of  the  body  vortex  centre,  and  is 
different  for  each  of  the  figures.  The  perceived  position  that  is  closest  to  that 
derived  from  the  total  pressure  and  vorticity  distributions  is  for  the  vector  plot  of  Fig 
8(d).  This  implies  that  the  vortex  is,  at  the  survey  station,  tending  to  follow  the 
freestream  direction  rather  than  tracking  parallel  with  the  body  axis.  If  this  is  so,  it 
is  an  interesting  result  and  warrants  further  investigation.  The  fin  tip  vortex  centre 
as  determined  from  the  vorticity  distribution  is  coincident  with  the  perceived  vortex 
centre  of  Fig  8(d).  The  axis  of  this  vortex  must  therefore  also  be  lying  close  to  the 
freestream  direction.  Returning  to  the  linking  features  connecting  the  fin  vortex  and 
region  'A'  to  the  body  vortex*  Fig  8(d)  shows  a  region  of  approximately  streamwise 
velocity  (null  vectors)  in  between  the  fin  vortex  and  the  body  vortex,  and  a  downward 
flow  from  region  *A'  to  the  body  vortex.  It  seems  therefore  that  there  may  be  a  slow 
'diffusion'  of  vorticity  across  the  gap  between  the  body  vortex  and  the  fin  vortex,  and 
that  fluid  from  the  wake  of  the  leeward  fin  is  being  drawn  into  the  body  vortex. 

Comparison  of  the  body  vortex  strengths  for  X  *  0*  and  -45*  on  a  consistent  basis 
is  difficult  because  of  the  much  more  intimate  linking  of  the  feeding  region  and  the  body 
vortex  for  the  latter  case.  However,  an  arbitrary  contour  based  on  5  ■  5  has  been 
selected  as  shown  in  Fig  8(b)  and  the  estimate  obtained  is  y  *  0.22,  which  compares  with 
Y  *  0.24  obtained  for  X  ■  0*  and  y  *  0.35  for  the  body  alone.  The  strength  of  the  fin 
vortex  has  been  estimated  for  the  5  ■  5  contour  and  the  value  y  "  0.07  was  found.  This 
is  half  the  value  for  the  similar  case  at  N  ■  0.7.  (This  result  differs  strikingly  from 
that  which  would  be  obtained  from  a  simple  horseshoe  vortex  model.  From  a  knowledge  of 
the  fin  panel  loads  as  given  in  Ref  1  the  ratio  of  the  non-dimensional  vortex  strengths 
for  these  two  Nach  numbers  would  be  predicted  as  0.8,  rather  than  the  value  of  0.5 
measured ) . 

The  results  of  Section  4.1  have  shown  that  mounting  a  set  of  fins  near  the  nose  of 
the  model  has  a  marxed  effect  on  the  body  vortex  development  downstream  and  that  changes 
in  the  roll  orientation  of  the  fins  are  important.  Data  are  presently  available  for  one 
axial  station  only  and  further  measurements  at  additional  locations  along  the  body  will 
be  necessary  in  order  to  define  the  flow  field  development. 
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4 . 2  4DD I T10N  OF  REAR  MOUNTED  FINS  TO  THE  BODY  ALONE 

The  delta  fins  were  counted  on  the  body  alone  at  x/d  »  11.5  and  flow  surveys  were 
perforated  at  x/d  »  12.2,  placing  the  yawmeter  tips  in  a  plane  0.34d  aft  of  the  fin 
trailing  edges.  To  allow  true  comparisons  to  be  made  some  flow  measurements  were  also 
performed  for  the  body  alone  at  x/d  *  12.2  but  are  not  presented  here  due  to  lack  of 
space.  These  results  were  very  similar  to  those  presented  for  x/d  *  11,5,  to  which 
reference  can  be  made  for  qualitative  comparisons. 

4.2.1  Results  for  N  *0.7 

The  flow  surveys  with  the  fins  present  ace  shown  in  Fig  9  for  A  *  0* ,  -45*  and 
-72*.  Total  pressure  distributions  are  given  for  all  the  cases,  and  for  A  *  -72*  the 
vector  plot  is  also  shown.  Vorticity  distributions  are  not  given  since  these  results 
were  not  available  at  the  time  of  preparing  this  paper,  and  are  expected  to  be  of  limited 
value  because  the  data  are  insufficiently  closely  spaced.  The  total  pressure  plots  of 
Figs  9(a)  to  (c)  show  the  change  in  conditions  as  the  starboard  fin  approaches  the  body 
vortex.  On  each  plot  is  shown  the  position  of  the  minimum  total  pressure  within  the  body 
vortex  centre  for  x/d  *  12.2  on  the  body  alone.  The  effect  of  the  fins  on  the  body 
vortex  will  be  discussed  first,  followed  by  some  observations  concerning  the  fin  wakes. 

For  A  *  0*  the  vertical  fin  lies  inbetween  the  pair  of  body  vortices  but  a 
comparison  with  Pig  3(b)  for  the  body  alone  shows  that  the  centre  of  the  starboard  vortex 
(say  within  the  contour  H^/H  -  0.925)  is  little  affected,  and  its  location  is  little 
changed.  The  root  of  the  horizontal  fin  has  altered  conditions  at  the  body  side  and  the 
feeding  region  has  been  attenuated.  For  A  ■  -45*  the  feeding  region  is  cut  by  the  fin, 
although  vestiges  of  it  remain.  The  central  part  of  the  body  vortex  is  still  Largely 
unaffected.  Finally,  in  Figs  9(c)  and  (d)  we  see  the  case  where  the  starboard  body 
vortex  region  is  cut  through  by  the  fin.  The  flow  downstream  of  this  fin  is  the 
combination  of  the  body  vortex  flow  and  the  fin  wake  flow.  Therefore  the  term  "body 
vortex"  strictly  should  not  be  applied  to  this  starboard  side  vortex,  which  has  clearly 
been  intimately  mixed  with  the  fin  wake.  The  interaction  of  the  vortex  and  fin  would  be 
expected  to  result  in  the  fin  wake  containing  elements  of  streamwise  vorticity  of 
opposite  sign  to  the  body  vortex,  thus  partially  cancelling  the  vortex.  The  fin  wake 
will  also  be  deficient  in  total  pressure  which  will  contribute  to  the  deficit  already 
present  in  the  body  vortex.  The  measured  flow  appears  to  be  consistent  with  these 
considerat ions,  witf  the  vortex  appearing  weaker  and  more  diffuse,  and  with  a  larger 
central  area  of  reduced  total  pressure.  Nevertheless,  the  centre  of  the  vortex  region 
lies  approximately  in  the  same  location  as  for  V  *  0*  and  -45*,  despite  the  interaction 
with  the  fin.  The  starboard  feeding  region  for  A  *  -72*  is  attenuated  in  comparison  with 
the  body  alone  case.  This  is  due  to  the  presence  of  a  fin  panel  lying  at  a  roll  angle  of 
18"  below  the  horizontal  meridian.  The  port  body  vortex  and  port  fin  would  be  expected 
to  exhibit  a  state  part  way  between  the  A  ■  0*  and  -45*  cases  for  the  starboard  side,  and 
this  is  indeed  the  case. 

It  is  worth  noting  some  features  of  the  fin  wakes.  For  A  »  0*  the  horizontal  fin 
wake  is  extensive  and  contains  three  regions  of  total  pressure  minima,  one  near  to  the 
fin  root,  and  two  more  pronounced  areas  centred  at  50%  and  75%  exposed  semi -span 
respectively.  The  latter  two  regions  appear  to  suggest  a  vortex  shed  at  part  span, 
probably  generated  by  the  inboard  portion  of  the  swept  leading  edge,  and  another  vortex 
shed  nearer  to  the  tip.  The  minimum  near  to  the  body  is  possibly  due  to  a  separation  in 
the  fin  root  region.  The  results  of  Ref  1  show  that  for  this  case  the  fin  panel  is 
operating  well  into  the  non-linear  normal  force  region,  tending  to  confirm  the  present 
observations  on  the  fin  wake.  As  the  fin  is  rolled  to  leeward  the  effective  angle  of 
attack  is  reduced,  and  the  effective  leading  edge  sweep  is  increased.  The  changes  in  the 
fin  wake  can  be  followed  for  the  fins  rolled  to  leeward  by  18“  (port-fin),  45"  (starboard 
fin),  and  72"  (starboard  fin);  and  trivially,  90"  in  Pig  9(a)  for  the  vertical  fin.  The 
fin  wake  progressively  becomes  a  less  prominent  feature  as  the  fin  is  rolled  to  leeward, 
but  some  form  of  multi -vortex  wake  structure  seems  to  be  maintained  at  least  up  to 
A  ■  -45*.  For  the  latter  case  there  seems  to  be  a  large  double  tip  vortex  region  and  a 
further  vortex  at  about  50%  exposed  semispan,  and  a  low  energy  region  near  to  the  fin- 
body  junction. 


4.2,2  Results  for  H  **  1.8 

Total  pressure  distributions  and  vector  plots  are  presented  in  Fig  10.  As  for  N  ■ 
0.7,  the  position  of  the  minimum  total  pressure  in  the  body  vortex  for  the  body  alone  at 
x/d  *  12.2  is  superimposed  on  the  plots.  No  distributions  of  vorticity  have  been 
included  for  the  reasons  given  in  Section  4.2.1. 

Figs  10(a)  to  (c)  show  the  total  pressure  distributions  in  the  same  order  as  those 
previously  presented  for  N  ■  0.7.  The  presence  of  the  fins  has  the  same  general 
consequences  that  were  seen  for  N  *  0.7  but  with  differences  of  detail,  some  of  which  are 
now  discussed.  For  A  *  -72’  (Figs  10(c)  and  (f))  the  starboard  body  vortex  has  moved, 
compared  to  the  body  alone  case,  by  rather  more  than  at  N  ■  0.7;  but  the  deviation  is 
st'll  relatively  small,  about  0.05d.  The  structure  of  the  centre  of  the  body  vortex  is 
not  affected  to  the  same  degree  by  the  close  approach  of  the  fin  as  it  was  at  N  *  0.7. 

The  central  region  (say  within  the  «l/H  •  0.7  contour)  is  about  the  same  size,  although 
the  peak  total  pressure  deficit  is  slightly  smaller  than  for  the  body  alone.  The  vector 


V 
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plot  of  Fig  10(f)  shows  that  the  velocity  distribution  in  the  central  region  is  also  less 
affected  than  for  M  *  0.7.  However*  it  should  be  noted  that  the  body  vortices  are 
positioned  slightly  differently  with  respect  to  the  fin  for  the  two  test  Mach  numbers. 

For  M  ■  0.7  the  nominal  vortex  position  lies  within  the  fin  outline*  while  for  M  *  1.8  it 
is  just  to  leeward  of  it.  The  sensitivity  of  the  vortex  to  its  position  relative  to  the 
fin  for  small  separation  distances  is  not  known*  but  this  could  be  important.  The 
movement  of  the  starboard  vortex  (from  the  position  it  occupied  in  the  body  alone  case) 
for  \  «  -72*  largely  accounts  for  the  asymmetrical  flow  in  the  vicinity  of  the  leeward 
meridian.  There  was  some  asy sane try  present  at  H  >  0.7,  but  not  quite  to  the  same  degree. 
At  M  *  1.8  the  feeding  region  is  a  more  pronounced  feature  of  the  flow  than  it  was  for 
M  ■  0.7,  and  therefore  appears  more  persistent  in  the  former  case,  particularly  for 
A  -  -45*. 

The  vector  plots,  when  examined  in  conjunction  with  the  total  pressure  plots, 
reveal  some  interesting  regions.  These  are  identified  by  sudden  large  changes  between 
adjacent  velocity  vectors  which  correlate  with  features  in  the  total  pressure  plots. 

These  regions  are  identified  by  dotted  lines  on  the  total  pressure  plots,  and  by  dot- 
cross  lines  on  the  vector  plots,  and  appear  in  Figs  10(a),  (b),  (d)  and  (e)  for  A  *  0" 
and  -45*.  The  feature  indicated  for  X  ■  -45*  probably  indicates  the  presence  of  a  shock 
wave,  as  is  further  suggested  by  the  static  pressure  distribution  (not  shown).  The 
explanation  of  the  feature  indicated  for  X  *  0*  is  not  so  readily  found,  but  it  too  may 
have  a  shock  wave  associated  with  it.  This  feature  is  also  present  above  the  starboard 
windward  fin  (lying  at  a  roll  angle  of  18*  below  the  horizontal  meridian)  for  A  «  -72*, 
and  can  be  seen  in  Figs  10(c)  and  (f).  It  may  also  be  present  in  an  attenuated  form 
above  the  port  leeward  fin  for  the  same  case.  It  is  possible  that  the  wakes  shed  from 
the  fins  contain  more  than  one  region  of  concentrated  vorticity,  as  they  did  for  M  »  0.7, 
although  the  fins  have  nominally  supersonic  leading  edges.  There  is  some  similarity  in 
the  fin  wakes  for  M  -  0.7  and  1.8  in  that  a  feature  exists  at  about  50%  exposed  semi  span. 

The  results  presented  in  Section  4.2  have  an  important  bearing  on  missile 
prediction  methods  for  vortex-fin  interference  load.  It  appears  that  it  may  be  an 
acceptable  approximation  to  employ  the  vortex  flow  that  would  obtain  in  the  absence  of 
the  fin  to  such  calculat ions ,  without  the  necessity  of  considering  mutual  interference 
effects  and  possible  consequent  changes  in  vortex  position  or  structure.  However,  the 
feeding  regions  may  have  a  significant  effect  on  nearby  fin  panels,  and  these  are 
disrupted  by  the  presence  of  the  fins.  The  importance  of  this  effect  on  fin  panel 
loading  has  yet  to  be  established. 

5  CONCLUSIONS 

A  series  of  wind-tunnel  tests  have  been  performed  to  measure  the  leeside  flow  field 
of  a  generalised  missile  model.  Flow  field  data  have  been  presented  for  a  station 
towards  the  rear  of  the  model  for  a  body  angle  of  attack  of  14*  and  freestream  Mach 
numbers  of  0.7  and  1.8.  The  structure  of  the  body  alone  flow  fields  has  been 
investigated  together  with  the  modifying  effects  of  mounting  a  cruciform  set  of  delta 
fins  in  either  a  forward  or  rear  location.  For  the  body  alone,  well  developed  body 
vortices  were  evident  for  both  M  *  0.7  and  M  *  1.8. 

The  fins  mounted  in  the  forward  position  had  a  profound  effect  on  the  body  vortex 
development  as  measured  near  the  rear  of  the  body.  The  effect  achieved  depended  on  model 
roll  angle  and  Mach  number.  For  M  »  0.7  the  body  vortex  development  was  heavily 
suppressed,  particularly  for  the  case  of  a  horizontally  mounted  fin  where  the  feeding 
region  no  longer  rolled  up  into  a  vortex,  but  extended  to  leeward  as  a  shear  layer.  Por 
M  *  1.8  the  body  vortex  development  was  attenuated  by  the  addition  of  the  fins  but  still 
remained  significant*  although  the  vortex  structure  and  position  were  altered. 

For  the  aft  mounted  fins  the  main  effect  on  the  body  vortex  flow  in  cases  where  the 
body  vortex  did  not  impinge  on  a  fin  was  the  blocking  or  cutting  of  the  feeding  region. 
For  the  cases  where  the  fins  cut  through  or  near  to  the  centre  of  a  body  vortex*  the 
vortex  was  still  identifiable,  and  was  approximately  *in  the  same  location  as  for  the  body 
alone  case.  For  M  *  0.7  the  body  vortex  was  more  diffuse*  and  the  net  vorticity  was 
reduced  by  the  fin;  while  at  N  ■  1.8  there  was  less  effect  on  the  vortex.  However,  the 
nominal  vortex  locations  relative  to  the  fin  chordal  plane  were  not  quite  the  same  at  the 
two  test  Mach  numbers. 

These  results  show  that  missile  aerodynamic  prediction  methods  for  complete  missile 
airframes  currently  do  not  represent  correctly  the  effect  of  forward  surfaces  on  the  body 
vortex  development.  However,  the  assumption  that  the  vortex-fin  interference  for  aft 
surfaces  can  be  calculated  by  ignoring  possible  profound  effects  of  the  fin  on  the  vortex 
position  or  structure  does  not  appear  unreasonable*  at  least  for  fins  of  the  same  order 
of  else  as  those  investigated  here. 

The  cases  examined  here  are  part  of  a  continuing  research  programme  into  the 
development  of  vortex  flows  commonly  present  around  missile  airframes.  Much  scope  exists 
for  further  study  in  order  to  provide  the  necessary  material  with  which  to  improve 
missile  aerodynamic  prediction  methods. 
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PREDICTING  AERODYNAMIC  CHARACTERISTICS  OF  VORTICAL  FLOWS  ON 
THREE-DIMENSIONAL  CONFIGURATIONS  USING  A  SURFACE -SINGULARITY  PANEL  METHOD 


B.  Maskew 

Analytical  Methods,  Inc. 
P.O.  Box  3786 

Bellevue,  Washington  98052 
U.S.A. 


general  low-order  surface-singularity  panel  method  is  used  to  predict  the  aero¬ 
dynamic  characteristics  of  a  problem  where  a  wing- tip  vortex  from  one  wing  closely  inter¬ 
acts  with  an  aft  mounted  wing  in  a  low  Reynolds  Number  flow;  i.e.,  125,000.  Non-linear 
effects  due  to  wake  roll-up  and  the  influence  of  the  two  wings  on  the  vortex  path  are  in¬ 
cluded  in  the  calculation  by  using  a  coupled  iterative  wake  relaxation  scheme.  The  inter¬ 
action  also  affects  the  wing  pressures  and  boundary  layer  characteristics:  these  effects 
are  also  considered  using  coupled  integral  boundary  layer  codes  and  preliminary  calcula¬ 
tions  using  free  vortex  sheet  separation  modelling  are  included.  Calculated  results  are 
compared  with  water  tunnel  experimental  data  with  generally  remarkably  good  agreement. 


\ 


INTRODUCTION 


The  vortical  flow  regions  that  exist  near  a  vehicle  generating  lift  have  varying 
degrees  of  non-linear  interaction  with  the  vehicle's  surface,  depending  on  the  form  of 
the  configuration.  Through  their  effects  on  the  integrated  forces  and  moments,  these  vor¬ 
tical  flows  can  strongly  influence  the  performance  and  stability  characteristics  of  a 
vehicle.  Only  in  the  simplest  case  of  the  treatment  of  wing-tip  vortices  on  a  conventional 
transport  aircraft  with  high  aspect  ratio  wings  operating  at  low  lift  coefficients  can  the 
non-linear  effects  be  ignored.  For  the  most  part,  predicting  the  aerodynamic  character¬ 
istics  of  modern  high-performance  vehicles  requires  the  non-linear  effects  of  vortical 
flows  to  be  included  in  the  modelling  (e.g.,  see  reviews  in  Refs.  1  and  2).  The  present 
paper  concerns  the  application  of  a  surface  singularity  panel  method,  program  VSAERO  (for 
Vortex  Separation  AEROdynamics  (3)),  to  configurations  with  vortical  flows  at  subsonic 
speeds.  Iterative  procedures  are  used  for  the  non-linear  effects  of  vortex  wake  location 
and  for  surface  boundary  layer  development.  Emphasis  is  placed  on  practical,  cost-effec¬ 
tive  engineering  solutions  for  the  short-term  treatment  of  problems,  rather  than  an  elegant 
mathematical  modelling  for  the  longer  term. 

The  VSAERO  code  is  basically  a  low-order  panel  method  developed  specifically  for 
application  to  complete  aircraft  configurations  operating  in  low-speed,  high- lift  condi¬ 
tions.  The  program  gives  comparable  accuracy  to  higher-order  formulations  (see  Ref.  3) 
but  at  a  considerably  lower  computing  cost.  This  fact,  plus  its  inherent  versatility  and 
ease  of  use — both  of  which  stem  from  its  simple  basis — make  the  method  an  attractive, 
practical. tool  for  treating  non-linear  problems  requiring  iterative  solution  techniques; 
e.g.,  problems  of  vortex /surface  interaction  with  wake  deformation  and  viscous /potential 
flow  effects  included.  Furthermore,  the  method  has  also  proven  practical  for  the  treat¬ 
ment  of  unsteady  problems  using  a  time-stepping  approach  (4)  and  to  modelling  problems 
with  extensive  separation  (5) . 

At  the  outset,  justification  for  using  the  simple  model  approach  for  the  non-linear 
vortical  flow  calculations  was  based  partly  on  the  ooncept  of  prescribed  separation 
lines  (6) .  This  followed  from  the  increasing  tendency  towards  the  use  of  controlled  vor¬ 
tex  separation  using  sharp-edged  strakes,  trips,  etc.  (1)  and  (2).  Here,  the  designer 
aims  to  exploit  the  favorable  aspects  of  vortex/surface  interaction;  e.g.,  the  creative 
integration  of  the  vortex  low  pressure  sone  in  a  region  which  enhances  lift  and  thrust 
while  also  stabilizing  surface  flows.  With  this  approach,  stable  vortical  flow  structures 
are  obtained  over  a  wide  range  of  conditions.  Calculation  of  vortex/surface  interaction 
when  the  line  of  separation  is  fixed  is  therefore  inherently  more  amenable  to  theoretical 
treatment  (1)  than  is  the  case  where  the  vortex  separation  is  more  by  "accident";  e.g., 
separation  from  smooth  rounded  surfaces.  In  the  latter  c  ,  the  vortical  flow  pattern 
can  change  markedly  with  small  changes  in  vehicle  attitud*  -r*d  this  can  lead  to  poor  sta- 
bi lity  characteristics.  Although  undesirable,  this  latter  type  of  flow  probably  cannot 
be  completely  eliminated  and  so  still  needs  some  consideration.  Also,  situations  exist 
where  largely  uncontrolled  vortex/surface  encounters  occur,  such  as  in  the  case  of  a  heli¬ 
copter  rotor  blade-tip  vortex  interacting  with  a  following  blade,  or  in  the  case  of  a 
wing  in  the  presence  of  a  canard  vortex  under  off-design  conditions.  From  these  points 
of  view,  the  scope  of  the  VSAERO  vortical  flow  calculations  has  been  extended  to  try  to 
locate  and  model  separation  boundaries  in  addition  to  including  boundary  layer  displace¬ 
ment  effects.  These  aspects,  which  are  included  in  the  present  paper,  are  useful  even 
when  exploiting  "controlled"  vortex  separation;  it  is  important  that  the  designer  should 
know  when  and  where  vortex  separation  is  likely  to  occur  so  that  the  applied  vortex  de¬ 
vices  serve  mainly  as  a  "trigger"  and  a  stabilising  agent  for  the  phenoaMnon. 
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There  are  a  number  of  aspects  of  vortical  flow  interaction  that  are  of  concern  for 
a  practical  prediction  method  both  as  regards  modelling  and  also  for  the  numerical  be¬ 
havior: 

<i)  the  condition  at  the  separation  line--how  are  the  singularity  values  transferred 
from  the  solid  boundary  onto  the  free  vortex  sheets  and  how  does  this  relate  to 
a  Kutta  condition? 

(ii)  How  does  the  newly  formed  vortical  structure  interact  with  the  local  (i.e., 

generating)  surface?  For  example#  vortices  at  the  wing  leading-  and  tip-edges 
and  also  flap  edges. 

(iii)  How  does  the  essentially  fully  developed  vortex  core  and  wake  interact  with 
downstream  surfaces;  e.g.,  canard/wing  or  body/fin  problems? 

(iv)  What  happens  to  the  vortex  core  structure  as  it  passes  through  downstream  pres¬ 
sure  gradients?  For  example,  questions  on  vortex  breakdown. 


The  present  paper  is  largely  concerned  with  item  (iii).  For  this  case  we  examine 
the  vortex  wake  from  one  wing  interacting  with  an  aft  located  second  wing.  In  recent 
years  this  problem  has  received  considerable  attention  in  relation  to  aircraft  wake- 
vortex  hazard;  e.g.r  Reference  7. 

Earlier  calculations  of  vortex/wing  interaction  considered  a  straight  onset  vortex 
passing  over  a  wing  (e.g..  Refs.  8#  9  and  10).  Patel  and  Hancock  (9)  warned  of  the  need 
to  complement  such  calculations  with  experimental  work  since  the  non-linear  aspects  of 
modifying  the  wing  boundary  layer  and  the  effect  of  the  wing  on  the  path  of  the  vortex 
were  not  included.  The  present  method  has  been  developed  to  include  these  aspect  \  in 
the  computation  and  has  already  shown  very  good  results  in  applications  to  a  number  of 
aircraft  conf igurations #  some  of  which  had  strong  vortex  interactions  (e.g..  Ref.  11). 

In  addition,  several  exploratory  calculations  have  been  performed  on  the  basic  problem 
of  a  wing  in  the  presence  of  an  oncoming  vortex  wake;  these  calculations  were  of  the 
nature  of  numerical  experiments  whose  main  purpose  was  to  explore  the  behavior  of  the 
program.  A  case  in  which  an  oncoming  wake  actually  intersected  a  downstream  wing  was 
reported  in  Ref.  12  in  relation  to  helicopter  application.  This  situation  has  also  been 
encountered  in  a  canard/wing  configuration.  Reference  6  discusses  a  case  where  the 
edge  vortex  of  the  oncoming  wake  passed  over  the  aft  wing.  In  both  cases,  the  roll-up 
of  the  wake  and  the  track  of  the  edge  vortex  were  calculated  under  the  influence  of  the 
complete  two-wing  configuration.  This  second  case  also  included  preliminary  surface 
streamline  and  boundary  laye^  calculations.  The  present  paper  continues  the  vortex-wing 
interaction  investigation  and  compares  the  calculated  results  with  experimental  data 
from  a  water  tunnel  (13), 


METHOD  DESCRIPTION 

The  whole  flow  field  is  regarded  as  a  potential  flow  with  regions  of  viscous  domina¬ 
tion  confined  to  infinitely  thin  boundary  layers  and  free  shear  layers  and  to  vortex  cores 
of  small  diameter.  The  basic  formulation  of  the  VSAERO  panel  method  by  way  of  Green's 
Theorem  is  described  in  Reference  3.  For  completeness ,  a  brief  overview  of  the  method 
is  presented  here  before  describing  more  details  of  the  wake  relaxation  procedure.  The 
outline  of  the  complete  iterative  procedure — including  that  for  the  viscous/potential 
iteration — is  shown  in  Figure  1 . 

The  surface  of  the  configuration  is  approximated  by  a  set  of  flat  quadrilateral 
panels  of  uniform  source  and  doublet  singularities.  The  panel  source  values  are  deter¬ 
mined  by  the  local  external  Neumann  boundary  condition  while  the  panel  doublet  values 
are  solved  from  a  set  of  simultaneous  linear  equations  specifying  explicitly  the  internal 
Dirichlet  boundary  condition  that  the  total  velocity  potential  on  the  interior  surface  of 
each  panel  shall  be  equal  to  the  free-stream  velocity  potential  there  (i.e.,  the  condition 
of  zero  perturbation  potential  inside  the  volume) .  This  particular  formulation  gives  a 
doublet /source  combination  which  is  just  one  of  an  infinite  set  (other  forms  were  consider¬ 
ed  earlier  for  VSAERO  (3)).  The  present  formulation  was  used  earlier  by  Johnson  and 
Rubbert  (14)  but  in  a  higher-order  method.  The  low-order  formulation  in  VSAERO  gives  an 
equation  identical  to  that  given  by  Morino  (15)  who  used  a  direct  application  of  Green's 
Theorem  in  the  external  flow  field. 

In  VSAERO#  the  wake  surfaces  (i.e. #  the  free  shear  layers)  are  represented  by  flat 
quadrilateral  panels  of  uniform  doublet  singularities.  The  wake  panel  strengths  are  de¬ 
termined  by  the  conditions  at  the  separation  line.  The  piecewise  constant  singularity 
distribution  gives  a  discrete  vortex- line  model  for  simple  wakes.  The  initial  vortex¬ 
line  geometry  is  normally  prescribed;  alternatively,  a  simple  preprocessor  is  being  coup¬ 
led  to  the  program  to  generate  the  initial  wake  structure  for  complex  configurations  (6) . 
in  subsequent  solutions#  vortex  lines  are  relocated  along  calculated  mean  streamlines  in 
an  iterative  procedure#  Figure  1. 

Within  the  program  the  geometry  of  each  vortex  line  is  described  in  a  system  of  ver¬ 
tical  cross-flow  planes  called  Wake-Grid- planes#  Figure  2.  The  wake-grid- planes  are 
given  x-station  locations  in  the  program  input;  more  dense  spacing  is  used  in  regions 
where  large  curvature  is  expected  in  the  wake  lines. 
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A  wake  panel  is  normally  bounded  by  two  consecutive  wake-grid  planes  and  by  two 
neighboring  vortex  lines,  Figure  2.  A  regular  wing  wake  hew  its  panels  arranged  in 
columns  starting  at  the  upstream  separation  panel.  On  this  type  of  wake  all  the  panels 
down  a  column  have  the  same  doublet  strength  determined  by  the  jump  in  velocity  potential 
across  the  separation  line.  The  jump  in  doublet  strength  from  one  column  to  the  next  is 
the  strength  of  the  3treamwise  vortex  at  the  common  boundary. 

Another  type  of  wake  is  used  to  enclose  large  regions  of  separation  (5) .  This  has 
a  linear  doublet  distribution  in  the  strearavise  direction  (representing  uniform  vorticity 
with  tangential  vector  in  the  cross- flow  direction) .  In  the  cross-flow  direction  the  wake 
doublet  distribution  is  still  piecewise  constant.  This  separation  model  is  still  under 
development,  particularly  for  the  more  general  vortical  type  of  separation. 

During  the  wake  relaxation  iterative  procedure  the  wake  panel  streamwise  edges 
(i.e.,  vortex  segments)  are  repositioned  into  calculated  local  mean  flow  directions. 

The  panel  corners  are  maintained  in  the  wake-grid  planes.  The  local  velocity  vector  is 
calculated  at  the  set  of  corner  points  in  each  wake-grid  plane  in  turn  and  the  local 
average  vector  used  to  move  across  each  wake-grid-plane  interval.  When  moving  from  one 
plane  to  the  next,  an  initial  velocity  is  first  predicted  at  the  next  wake-grid  plane 
using  a  linear  extrapolation  of  two  previously  calculated  upstream  velocities  (if  avail¬ 
able)  .  The  average  direction  across  the  new  interval  is  then  used  to  relocate  the  next 
point  on  the  wake  line.  At  this  time  a  new  velocity  is  calculated  at  the  new  point  by 
summing  all  contributions  from  the  singularity  panels  and  onset  flow.  A  corrected  point 
is  then  obtained.  The  calculation  normally  proceeds  through  this  predictor/corrector 
cycle  for  one  more  pass;  however,  more  cycles  can  be  requested  if  necessary.  All  wake 
lines  intersecting  a  wake-grid  plane  are  treated  together;  i.e.,  the  velocities  are  eval¬ 
uated  for  all  points  in  that  plane  before  moving  the  lines  over.  All  wake  points  in  the 
downstream  wake-grid  planes  are  simultaneously  moved  over  by  the  movement  vector  for  their 
respective  wake  line.  The  wake-grid-plane  scheme  is  very  effective  for  regular  forward 
flight  but  has  drawbacks  for  situations  where  the  local  flow  deviates  from  the  general 
onset  flow  direction  by  a  large  angle.  (A  more  general  scheme  is  being  considered  as  an 
alternative  module  for  such  cases.) 

When  the  wake  shape  iteration  cycles  are  complete  the  program — usinc  the  latest 
potential  flow  solution — computes  inviscid  surface  streamlines  (i.e.,  external  to  the 
boundary  layer).  This  routine,  which  is  based  on  a  second-order  surface  stream  function 
formulation,  was  developed  and  coupled  to  the  VSAERO  program  by  T.S.  Vaidyanathan.  The 
procedure  is  described  in  Reference  16.  The  location  of  a  point  on  each  streamline  is 
selected  by  the  user  who  is,  therefore,  responsible  for  ensuring  that  a  family  of  stream¬ 
lines  adquately  covers  the  regions  of  interest. 

Integral  boundary  layer  calculations  are  then  performed  along  each  computed  stream¬ 
line  using  boundary  layer  codes  assembled  earlier  by  F. A.  Dvorak  and  described  in  Refer¬ 
ence  17.  At  this  time  the  essentially  two-dimensional  integral  methods  are  preferred  in 
keeping  with  the  practical  approach  and  low  computing  times.  The  integral  methods  coupled 
in  the  VSAERO  program  at  this  time  include  the  effects  of  surface  curvature  and  streamline 
convergence/divergence  under  the  assumption  of  local  axi symmetric  flow.  However,  they 
can  be  expected  to  break  down  in  regions  of  large  cross  flow;  e.g.,  near  a  vortical  sepa¬ 
ration  line.  (An  alternative  infinite  swept-wing  boundary  layer  code  with  cross  flow 
model  is  also  coupled  with  the  VSAERO  program  but  this  was  not  used  in  the  present  work.) 

For  lamina i  flow  the  method  is  basically  that  of  Thwaites  (18)  with  an  adaptation 
by  Curie  (19).  Transition  is  based  on  Granville’s  (20)  procedure.  Conditions  for  laminar 
separation  and  turbulent  reattachment  or  catastrophic  separation  are  baaed  on  empirical 
relationships  from  measurements  by  Gaster  (21)  and  others.  The  turbulent  boundary  layer 
development  calculation  is  the  Nash  and  Hicks  (22)  method. 

The  boundary  layer  module  is  fully  coupled  with  the  VSAERO  inviscid  code  in  an  outer 
visoous/potential  iteration  loop.  Figure  1.  in  further  iterations,  the  displacement 
effect  of  the  boundary  layer  is  modelled  in  the  potential  flow  calculation  using  the 
source  transpiration  technique;  i.e.,  the  boundary  layer  displacement  term  appears  in 
the  external  Neumann  boundary  condition  equation  as  a  local  non-zero  normal  velocity  com¬ 
ponent  and  is  thereby  related  directly  to  source  singularities  in  this  formulation.  The 
boundary  layer  calculation  also  provides  a  separation  poin<  on  each  streamline,  thereby 
defining  a  boundary  of  separation  for  a  family  of  streamlines.  The  criterion  for  sepa¬ 
ration  is  currently  a  vanishingly  small  skin  friction  coefficient  (in  the  direction  of 
the  external  streamline).  Although  not  strictly  correct,  particularly  in  regions  of 
strong  cross  flow,  the  procedure  hrs  given  surprisingly  good  guidance  for  the  onset  of 
separation  for  a  wide  range  of  practical  problems.  Given  the  location  of  separation 
lines,  later  calculations  can  be  performed  in  which  the  separated  flow  zone  is  enclosed 
within  free-vortex  sheets  which  then  form  part  of  the  overall  vortex/wake  structure  of 
the  problem. 
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VORTEX /WING  ENCOUNTER 

Configuration  Description 


The  general  layout  of  the  model  used  in  the  water  tunnel  experiment  in  Reference  13 
is  shown  in  Figure  3.  Basically,  a  vertical  wing  with  a  NACA  0015  section  set  at  10°  to 
the  onset  flow  is  placed  ahead  of  a  horizontal  wing  with  a  NACA  0012  section.  The  tip 
of  the  forward  wing  is  level  with  the  quarter-chord  line  of  the  aft  wing.  The  forward 
wing  has  a  chord  of  2  inches  and  the  aft  wing,  4  inches.  The  distance  between  the  two 
quarter-chord  lines  is  8  inches.  The  quarter-chord  lines  form  the  pivot  axes  for  the  two 
wings.  For  the  calculations,  the  rear  wing  is  considered  at  three  setting  angles,  8°, 

12°  and  16°.  The  rear  wing  is  mounted  between  the  water  tunnel  walls,  with  the  tunnel 
8.4  inches  wide  and  12  inches  deep.  The  Reynolds  Number  of  the  flow  based  on  the  aft 
wing  chord  is  125,000. 

For  the  present  calculations,  the  tunnel  surfaces  are  not  panelled;  instead,  pseudo 
two-dimensional  conditions  are  represented  for  the  aft  wing  t/  extending  its  wing  tips, 
giving  an  aspect  ratio  of  about  8,  Figure  4.  The  forward  wing  has  been  given  a  span  of 
12  inches  so  that  its  center  section  coincides  with  the  tunnel  roof  location;  it  has  8 
panels  around  the  chord,  9  panels  vertically  and  a  3  x  4  panel  array  closing  the  bottom 
tip  edge.  Panel  size  distributions  are  weighted  towards  the  leading  edge  and  towards 
the  bottom  tip  edge  using  equal  angle  increments  in  a  simple  cosine  formula. 

The  rear  wing  is  panelled  in  three  parts:  the  two  parts  outside  the  tunnel  wall 
location  each  have  16  panels  chordwise  and  3  panels  spanwise.  The  wing  "inside"  the 
tunnel  has  32  panels  chordwise  with  density  increasing  towards  the  leadinn  edge.  The 
spanwise  panel  arrangement  has  a  central  zone  with  12  columns  equally  spaced  and  two 
outer  zones  of  3  panel  columns  increasing  in  size  away  from  the  wing  center.  This  cen¬ 
tral  piece  of  the  wing — which  corresponds  with  the  actual  wing  in  the  experiment — was 
declared  a  separate  component  in  the  present  program  in  order  to  obtain  the  force  and 
moment  acting  on  it  for  comparison  with  the  experimental  data. 

The  calculations  start  with  the  wake  lines  preceeding  straight  back  parallel  to  the 
onset  flow.  Figure  5.  This  figure  also  shows  the  location  of  the  wake-grid  planes.  The 
figure  does  not  show  the  downstream  part  of  the  wake  where  the  wake-grid  planes  are  lo¬ 
cated  at  ever  widening  intervals.  Notice  that  in  the  starting  condition  shown  in  Figure 
5,  the  vortex  lines  actually  pass  through  the  aft  wing.  This  is  not  a  recommended  prac¬ 
tice  in  general,  but  was  employed  here  as  part  of  the  checkout  of  the  behavior  of  the 
calculations.  This  is  considered  further  in  the  12°  case  below. 

Wing  Alone 

Preliminary  runs  were  made  with  the  aft  wing  alone  at  8°,  12°  and  16°  angle  of 
attack.  The  main  objective  was  to  make  sure  that  the  flow  was  essentially  parallel  at 
the  tunnel  wall  location;  however,  the  calculation  of  the  basic  flow  condition  was  also 
of  interest.  The  calculations  included  a  second  pass  through  the  viscous/potential  itera¬ 
tion  cycle  bringing  in  the  effect  of  boundary  layer  displacement  but  not  modelling  sepa¬ 
ration  at  this  time.  The  calculated  flow  conditions  (upper  surface)  are  summarised  below. 

(i)  8°:-  Laminar  separation  with  turbulent  reattachment  occurred  near  the  leading 

edge  and  the  turbulent  boundary  layer  remained  attached  back  to  the  trail¬ 
ing  edge. 

(ii)  12°:-  Again,  laminar  separation  with  turbulent  reattachment  occurred  near  the 

leading  edge,  and  turbulent  separation  occurred  at  about  85%  of  the  chord. 
Figure  6  shows  a  plan  view  of  the  calculated  streamlines  and  separation 
zone.  Normally,  further  viscous/potentiaj.  flow  iterations  would  be  per¬ 
formed  for  this  case  using  the  separated  flow  model. 

(iii)  16°:-  Catastrophic  laminar  separation  occurred  from  near  the  leading  edge  over 
the  full  span. 

Ai  far  as  the  extent  of  separation  is  concerned,  the  above  results  are  essentially 
confirtaea  by  experimental  observations  with  the  forward  wing  at  0°  and  using  hydrogen 
bubble  flow  visualization.  However,  force  and  moment  data  (13),  not  shown  here,  indicate 
a  significant  loss  in  lift  curve  slope  after  about  8".  Certainly,  from  past  experience 
with  this  type  of  calculation,  modelling  the  separated  flow  in  the  12°  case  would  be  ex¬ 
pected  to  move  the  predicted  separation  forward. 

Two -Wings 


With  the  forward  wing  in  place  and  set  at  10°,  the  calculations  were  performed  over 
three  wake-shape  iterations;  i.e.,  three  complete  potential  flow  calculations  were  per¬ 
formed,  the  first  with  the  prescribed  wake  in  Figure  5  and  then  with  two  calculated 
shapes.  (Convergence  of  the  results  will  be  discussed  later  under  the  12"  case.)  Surface 
streamline  and  boundary  layer  calculations  were  then  carried  out. 

A  typical  calculation  takes  about  160  C.P.  secs,  on  the  CRAY  computer  and  requires 
163,000  memory  words;  this  calculation  involves  a  total  of  756  surface  panels  (i.e.,  756 
unknowns),  33  wake  columns  with  about  400  wake  panels,  15  on-body  streamlines — each  with 
a  boundary  layer  calculation — and  450  off-body  velocity  calculations. 
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Calculations  were  performed  for  aft  wing  incidences  of  8®,  12®  and  16®.  Photographs 
of  the  experimental  flow  field  (using  hydrogen  bubble  visualization)  for  these  angles 
were  provided  by  C.  Tung.  These  are  shown  in  Figure  7(a),  (b)  and  (c) ,  respectively. 

Aft  Wing  at  8° 

A  general  view  of  the  final  calculated  wake  shape  for  the  8®  case  is  shown  in  Fig¬ 
ure  8(a);  only  the  "real  part"  of  the  aft  wing  is  plotted.  Pigure  8(b)  shows  a  side  view 
of  this.  The  computation  of  the  roll-up  of  the  tip  vortex  lines  is  clearly  affected  by 
the  presence  of  the  aft  wing?  there  is  a  tendency  for  the  rate  of  roll-up  to  decrease  in 
the  acceleration  zone  ahead  of  the  wing  and  then  to  increase  again  in  the  recovery  zone 
towards  the  wing  trailing  edge.  This  behavior  is  very  plausible  and  merits  further  in¬ 
vestigation  in  the  future  in  relation  to  the  implied  helix  angle  in  the  roll-up  and  the 
connection  between  this  and  the  onset  of  vortex  breakdown. 


The  dotted  line  in  Figure  8(b)  indicates  the  locus  of  computed  centroid  of  vorticity 
for  the  vortex  lines  involved  directly  with  the  tip  roll-up.  This  locus  is  in  remarkably 
good  agreement  with  points  representing  the  path  of  the  vortex  core  in  the  experiment. 
These  points  were  measured  from  the  flow  field  photograph  (Figure  7(a)).  The  small  ver¬ 
tical  shift  in  the  vortex  path  is  due  to  tip-edge  separation  occurring  ahead  of  the  trail¬ 
ing  edge.  This  tip-edge  vortex  formation  was  not  modelled  in  the  present  calculation. 

After  the  third  wake  shape  solution,  a  family  of  inviscid  surface  streamlines  was 
calculated  on  the  aft  wing  and  boundary  layer  calculations  were  performed.  Figure  9 
shows  a  plan  view  of  these  streamlines,  each  of  which  is  stopped  at  the  point  of  calcula¬ 
ted  separation.  Whereas  the  wing-alone  case  remained  fully  attached,  we  now  see  a  region 
of  turbulent  separation  on  the  left  side  of  the  wing  brought  on  by  the  increased  loading 
on  the  upwash  side  of  the  vortex.  It  is  difficult  to  positively  confirm  this  feature 
from  the  flow  field  photograph,  Figure  7(a),  at  this  time.  The  thickness  of  the  region 
highlighted  by  the  bubbles  and  located  beneath  the  vortex  has  certainly  thickened  slightly 
relative  to  the  wing-alone  case  (13). 

A  calculated  velocity  survey  conducted  in  a  vertical  plane  just  behind  the  wing, 
Figure  10,  gives  the  impression  that  the  vortex  roll-up  has  been  flattened  slightly  by 
its  interaction  with  the  aft  wing. 

The  computed  force  and  moment  coefficients  for  the  aft  wing  at  8®  are  compared  with 
experimental  measurements  in  Figure  11  and  show  remarkably  good  agreement. 

Aft  Wing  at  16° 

With  the  aft  wing  set  at  16°,  the  streamline/boundary  layer  calculations — performed 
after  the  wake-shape  iterations — gave  essentially  the  same  result  as  for  the  case  with 
wing  alone;  i.e.,  laminar  separation  along  the  entire  leading  edge,  except  in  this  case 
there  was  a  small  zone  just  on  the  downwash  side  of  the  vortex  where  turbulent  reattach¬ 
ment  was  predicted  (i.e.,  under  the  slight  alleviation  of  the  leading-edge  auction  peaks). 
However,  turbulent  separation  occurred  within  10  to  15%  back  from  the  leading  edge. 
Although  these  tendencies  seem  plausible,  such  flow  details  have  not  been  obtained  from 
the  experiment  at  this  time. 

The  trajectories  of  the  calculated  wake  lines  for  the  above  case  are  shown  in  side 
view  in  Pigure  12.  The  locus  of  the  calculated  vorticity  centroid  for  this  initial  solu¬ 
tion  follows  closely  the  experimental  vortex  track  (transferred  from  Figure  7(c))  ahead 
of  the  aft  wing.  The  calculated  path  shows  a  slightly  larger  upswing  just  before  the 
leading  edge — this  is  consistent  with  the  larger  level  of  circulation,  see  Figure  11,  in 
the  initial  calculation  which  has  attached  flow.  Due  to  this  additional  circulation,  the 
computed  vorticity  centroid  locus  is  pulled  quickly  down  over  the  upper  surface  of  the 
wing,  whereas  the  experimental  vortex  path  passes  more  freely  higher  above  the  surface. 

A  second  calculation  was  performed  in  which  the  predicted  separation  zone  was  en¬ 
closed  within  free  vortex  sheets  (5).  Initially,  there  was  some  conflict  between  the  two 
wakes  as  they  were  relaxed  simultaneously — the  initial  wake  lines  from  the  front  wing 
(Figure  5)  actually  pass  inside  the  rear  separated  wake.  The  calculated  wake  shape  after 
the  third  solution  is  shown  inset  in  Figure  12.  Another  pass  should  be  performed  in  this 
case.  A  better  approach  would  probably  be  to  first  relax  the  oncoming  wake  while  holding 
the  aft  wing  wakes  rigid,  then  releasing  the  latter  In  the  third  pass.  In  any  event, 
this  calculation  was  not  pursued  to  a  complete  convergence  at  this  time.  Also,  there 
were  Indications  (see  below)  that  the  vorticity  separation  model  may  require  further  in¬ 
gredients  for  these  highly  three-dimensional  situations  where  considerable  vortex  sheet 
stretching  can  occur. 

Even  though  this  calculation  is  incomplete  at  this  stage,  the  track  of  the  calculated 
vorticity  centroid  shows  a  plausible  change  relative  to  the  attached  flow  solution,  show¬ 
ing  a  smaller  upswing  ahead  of  the  wing  leading  edge  and  passing  more  freely  above  the 
wing.  In  fact,  the  track  over  the  wing  now  runs  approximately  parallel  to  the  experimen¬ 
tal  vortex  path  except  it  is  too  low.  The  reason  for  the  latter  discrepancy  is  not  clear 
at  this  stage,  especially  since  the  computed  lift  coefficient — and  also  the  drag  coeffi¬ 
cient— are  now  in  close  agreement  with  the  experimental  measurements ,  Pigure  11.  The 
pitching  moment  coefficient  also  is  in  reasonably  good  agreement  with  the  experiment. 

All  three  quantities  show  quite  large  changes  due  to  including  the  separation  model. 

Figure  11. 
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A  chordwise  pressure  distribution  computed  on  the  aft  wing  close  to  the  vortex 
passage  location  is  shown  in  Figure  13 <a).  Pressure  coefficients  inside  the  separation 
zone  (i.e.,  almost  the  entire  upper  surface)  include  the  terra  for  the  jump  in  total 
pressure  relative  to  free  stream  (5) .  Although  the  distribution  is  in  good  shape  on  the 
whole,  the  small  hump  in  the  upper  surface  distribution  is  a  matter  for  concern.  The  main 
contribution  to  this  is  a  chordwise  velocity  increment  rather  than  a  s panwise  component 
which  might  then  have  been  attributed  to  the  passing  vortex.  The  chordwise  velocities 
are  strongly  influenced  by  the  separated  vortex  sheet  model,  which  at  this  station  is 
strongly  influenced  by  the  oncoming  vortex.  Examination  of  the  separation  model  formu¬ 
lation  in  this  situation  has  indicated  a  possible  weakness  due  to  the  vortex  sheet 
stretching;  model  refinements  are  therefore  being  planned. 

Figure  13(b)  shows  the  chordwise  plot  of  surface  velocity  magnitude  corresponding  to 
the  pressure  coefficient  distribution  above.  This  indicates  an  almost  converged  solution 
for  the  separated  flow  model — the  present  calculation  was  based  on  inner  and  outer  veloc¬ 
ity  magnitudes  of  0.05  and  1.3,  respectively,  for  the  velocity  shear  across  the  vortex 
sheets.  These  values  determine  the  wake  vorticity  level  and,  hence,  the  magnitude  of  the 
total  pressure  difference  between  the  onset  flow  and  the  separated  flow.  The  computed 
velocity  values  at  both  ends  of  the  separated  zone  are  very  close  to  the  above  values. 
Figure  13(b). 

Aft  Wing  at  12° 

The  convergence  of  the  wake- relaxation  iteration  was  examined  for  the  12°  case. 

Figure  14  compares  the  computed  wake- line  shapes  for  the  second-  and  third- wake  solutions. 
The  recovery  from  the  initial  "bad"  setup  (Figure  5)  is  clearly  very  rapid  for  the  basic 
attached  flow  case.  Also,  there  is  very  little  change  in  the  geometry  between  the  second 
and  third  wakes.  Comparisons  of  wing  pressure  distributions  (not  shown  here)  also  con¬ 
firm  the  convergence  of  the  solution. 

In  the  third  wake-shape  iteration  it  is  interesting  to  compare  the  spanwise  velocity 
components,  Vy,  calculated  along  three  spanwise  cuts  through  the  aft  wing.  Figure  15 
shows  the  upper  and  lower  Vy  distributions  at  chordwise  stations,  x/c  ^  0.0,  0.25  and  0.9. 
Near  the  leading  edge,  the  spanwise  flow  induced  by  the  vortex  is  obviously  almost  the 
same  on  the  upper  and  lower  surfaces — these  have  just  "entered"  the  circulatory  velocity 
field  around  the  vortex.  The  spanwise  velocity  component,  therefore,  has  peaks  on  both 
surfaces.  At  the  quarter-chord  station,  however,  the  lower  surface  has  almost  "forgotten" 
that  the  vortex  is  present  and  by  the  904  chord  station  on  the  lower  surface  there  is 
essentially  no  trace  left  of  the  vortex  effect.  On  the  upper  surface,  the  spanwise  veloc¬ 
ity  peak  first  increases  from  the  leading  edge  to  the  quarter-chord  station,  then  decreases 
towards  the  trailing  edge.  In  the  meantime,  the  effective  base  width  of  the  Vy  peak  grows 
steadily  as  we  proceed  across  the  wing  chord. 

The  calculated  locus  of  vorticity  centroid  for  the  tip  vortex  lines  is  in  remarkably 
good  agreement.  Figure  16,  with  the  track  of  the  experimental  vortex  taken  from  Figure 
7(b).  As  it  passes  over  the  aft  wing,  the  latter  appears  to  cover  a  wider  zone  them  was 
the  case  at  8°  and  16® ;  real-time  observation  in  the  experiment  suggests  an  unsteadiness 
in  the  vortex  path  rather  than  a  broader  vortical  region  (13).  The  calculated  vorticity 
locus  seems  to  favor  the  lower  edge  of  the  region — this  would  be  consistent  with  the 
fully  attached  assumption  of  the  calculation  and  perhaps  an  intermittent  separation  in 
the  experiment  caused  by  the  mutual  interaction  between  the  vortex  path  and  the  extent 
of  separation;  i.e.,  a  low  vortex  path  may  induce  separation  causing  the  vortex  to  move 
up,  at  which  time  the  decreased  interaction  may  allow  a  reattachment  or  at  least  a  re¬ 
duced  extent  of  separation — and  this  would  bring  the  vortex  back  down  again. 

The  streamline/boundary  layer  calculations  for  the  12*  esse  do,  in  fact,  indicate 
an  interesting  situation.  Figure  17.  The  calculations  predict  a  catastrophic  laminar 
separation  from  the  leading  edge  over  the  entire  upwash  side  of  the  oncoming  vortex; 
elsewhere,  the  laminar  separation  is  followed  by  turbulent  reattachment  and  eventual 
separation  occurs  well  back  on  the  upper  surface.  In  comparison  with  Figure  6,  the 
present  upwaah-side  separation  is  claarly  vortsx  induced. 

The  perturbation  to  the  wing  pressure  distributions  due  to  the  presence  of  the  vor¬ 
tex  is  illustrated  in  Figure  18,  which  compares  the  chordwise  pressure  distributions 
at  spanwise  stations,  y  -  -1,  0  and  +1;  i.e.,  proceeding  from  the  upwash  side  to  the 
downwash  side  through  the  vortex  location.  These  locations  represent  horizontal  offsets 
from  tha  projected  vortex  position  of  approximately  the  height  of  the  vortex  above  the 
surface  at  ths  quarter-chord  line.  The  main  differences  in  the  computed  pressure  coeffi¬ 
cients  occur  on  the  wing  upper  surface  forward  of  the  quarter-chord  location.  The  suc¬ 
tion  peak  varies  from  -5.9  through  -4.9  to  -3.3  as  we  proceed  from  the  upwash  to  the 
downwash  side. 

These  calculations,  of  course,  represent  the  first  pass  of  an  iterative  solution; 
i.e.,  the  separation  has  not  been  modelled  at  this  stags.  Initial  attempts  at  modelling 
the  part-span  separation  have  so  far  mat  with  mixed  success.  Certainly,  sectional  lift, 
drag  and  pitching  moments  calculated  at  sections  both  on  the  upwash  and  on  the  downwash 
side  of  the  vortex  have  values  closely  related  to  the  total  experimetnal  values;  however, 
in  the  region  of  the  predicted  edge  of  the  part-span  separation,  the  interaction  between 
the  onset  vortex  and  the  open  end  of  the  separation  modal  ara  claarly  very  strong,  and, 
as  mantioned  for  the  16*  case,  the  separation  modal  does  not  at  this  stags  include  ade¬ 
quate  representation  for  vortsx  sheet  stretching- -which  in  this  case  is  a  serious  omis¬ 
sion.  The  planned  refinements  in  the  model,  therefore,  are  absolutely  essential  for 
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further  treatment  of  this  case.  Another  factor  that  must  also  be  considered  for  the 
present  case  is  the  jump  in  total  pressure  that  is  essential  for  calculating  separated 
zone  pressures  at  the  end  close  to  the  tunnel  wall  location;  near  the  onset  vortex  loca¬ 
tion,  however,  the  aide  of  the  separated  zone  is  essentially  open  to  the  free  air  and, 
consequently,  has  the  same  total  pressure  as  the  onset  flow.  A  model  of  the  total  pres¬ 
sure  variation  between  these  two  extremes  must  be  considered  in  future  refinements.  In 
the  meantime,  further  information  on  the  actual  vortical  flow  pattern  in  the  experiment, 
including  surface  flow  visualization,  would  be  a  very  beneficial  guide  to  any  modelling 
improvements . 


CONCLUSIONS 

Program  VSAERO,  a  low-order  panel  method  with  coupled  iterative  routines  for  rep¬ 
resenting  non-linear  effects  due  to  wake  shape  and  boundary  layer  growth,  has  been  ap¬ 
plied  to  a  simple  vortex/wing  encounter  problem  with  very  encouraging  results  and  with 
very  reasonable  computing  costs. 

(i)  Vortex  wake  trajectory  calculations  converged  rapidly  in  the  two-wing  situation 
with  attached  flow  wakes,  even  though  the  initial  wake  lines  cut  through  the  aft 
wing. 

(ii)  With  separated  flow  wakes  included  in  the  model,  some  minor  numerical  problems 
occurred  in  the  interaction  between  these  and  the  oncoming  vortex.  A  simple 
cure  for  this  seems  to  be  to  delay  the  aft  wake  relaxation  until  the  forward 
wake  is  in  position. 

(iii)  Computed  vorticity  centroid  loci  agreed  fairly  well  with  the  experimental  vortex 
track  for  the  8°  and  12°  aft  wing  cases,  but  was  somewhat  below — but  parallel — 
to  the  experimental  track  over  the  massive  separation  for  the  16°  case. 

(iv)  Computed  force  and  moment  coefficients  were  in  good  agreement  with  measured  data 
for  the  8°  case  and  also  for  the  16°  case  with  initial  separation  modelling. 

(v)  Further  refinement  in  the  separation  model  vortex  sheets,  e.g.,  allowing  the 

vorticity  level  to  vary  with  distance,  would  improve  some  details  of  the  vortex/ 
wing  calculation  with  full-span  separation.  Such  changes  are  absolutely  essen¬ 
tial  for  the  part-span  separation  model  which  also  needs  additional  treatment 
for  the  probable  vortical  separation  under  the  vortex. 

(vi)  Finally,  it  should  be  emphasized  that  these  conditions  were  at  very  low  Reynolds 
Number,  125,000.  Similar  calculations  performed  earliex  at  higher  Reynolds  Num¬ 
ber  gave  quite  different  separation  characteristics;  in  other  words,  some  caution 
is  needed  if  attempting  to  relate  the  results  of  vortex/surface  interaction  to 
conditions  at  a  different  Reynolds  Number. 
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Fig.  6.  Plan  View  of  Calculated  (Ex¬ 
ternal)  Streamlines  for  the  Wing  Alone 
at  12°  Incidence  (First  Iteration) . 
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Fig.  7.  Side  Views  of  Experimental  Flow 
Field  with  the  Forward  Wing  at  10°» 
From  Ref.  13. 


(b)  Side  View  and  Comparison  with 
Experimental  Vortex  Track. 

ig.  S.  Final  Calculated  Wake  Configura¬ 
tion  for  the  8*  Case. 
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rig.  9.  Plan  View  of  the  Calculated 
(Ixternal)  Streamlines  for  the  Aft 
Wing  at  I*  in  Preaenoe  of  Vortex. 
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Pig.  10.  Velocity  Survey  Calculated  in 
a  Vertical  Plane  just  Downstream  of 
the  Aft  Wing  at  8*  in  Presence  of 
Vortex. 
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Fig.  14.  Comparison  of  Second  and  Third 
Calculated  Wake  Shapes  for  Aft  Wing 
at  12°. 

Fig.  15.  Calculated  Spanwise  Distribution 
of  Spanwise  Velocity  Component  on  Aft 
Wing  at  12®  in  Presence  of  Vortex: 
Comparison  at  x/c  *  0.0,  0.25  and  0.29. 
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rig.  16.  Comparison  of  Computed  Wake  and  Fig.  17.  Top  View  of  Calculated  Surface 
Experimental  Vortex  Track  for  Aft  Streamlines  on  Aft  Wing  at  12"  in 


Wing  at  12". 


Presence  of  Vortex  and  Showing  Calcu¬ 
lated  Separation  Zone  (First  Iteration) 


Fig.  11.  Calculated  Chordwise  Preasure  Distributions  on  >he  Aft  Wing  at  12*  in 
Presence  of  Vortex.  Comparisons  for  Three  Spanwise  Locations  at  y  -  -1.0,  0.0 
and  1.0  (First  Iteration). 
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SUMtARY 

~^The  definition  of  some  special  lines  in  a  flow  field  is  discussed  and  a  criterion 
for  the  identification  of  axes  of  local  rotation  is  given.  A  preferred  direction  is 
introduced  in  space  using  the  local  direction  of  the  velocity.  A  surface  is  constructed 
locally  such  that  at  any  point  the  surface  is  normal  to  the  velocity  field.  For  a  (nor¬ 
malized)  direction  field  of  the  velocity,  the  components  of  the  gradient  tensor 
on  this  surface  can  be  regarded  as  being  equivalent  to  the  curvature  tensor  of  the  sur¬ 
face.  The  behaviour  of  the  curvature  is  discussed  .ie  surface  is  partitioned  into  hyper¬ 
bolic  and  elliptic  regions  by  the  sign  of  the  Gau*i*xan  curvature.  It  is  found  that  the 
special  points  are  associated  with  regions  of  extremely  steep  variations  of  the  Gaussian 
curvature.  Experimental  evidence  to  this  effect  Is  provided  by  measurements  of  wall  shear 
stress  vectors  and  velocity  vectors  in  the  flow  field  around  an  inclined  prolate  spheroid 
The  above  procedure  is  shown  to  be  a  tool  for  revealing  some  properties  of  the  vortex  ske 
leton  of  a  flow  field.  Several  other  parameters  of  the  measured  flow  field  are  also  eva¬ 
luated  and  presented. 
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semi  major  axis  of  the  prolate  spheroid 
semi  minor  axis  of  the  prolate  spheroid 
vector  of  curl,  contravaxiant  component 
discriminant,  Eq.(14) 
discriminant,  Eq.(9) 
velocity  gradient  tensor,  Eq.(l5) 

Gaussian  curvature,  Eqs.(l3),  (16) 
kinematic  vorticity  number,  Eq.(18) 
dynamic  vorticity  number,  Eq.(19) 
pressure 

free  stream  velocity.  Fig.  2 

velocity  vector 

vector,  three-dimensional 

eigenvector 

coordinate 

coordinate  along  the  axis  of  rotation  of  the  model.  Fig.  2 

angle  of  incidence 

coordinate  transformations,  Eq.(ll) 

Kronecker  delta 

permutation  tensor 

eigenvalue 

angle 

density 

dynamic  viscosity 


oa  vector,  two-dimensional 

ra  »  it  ua|3  wall  shear  stress  vector 

9  angle  of  rotation  of  the  spheroid.  Fig.  2 

j  ^  cover lent  differentiation 

Indices  > 

range  conventions  (summation  convention  is  applied) « 

Latin  indices  i,j,k,  ...  *  1,2,3 

Greek  indices  a, 0,y,  ...  »  1,2 

The  coordinate  number  3  refers  to  the  direction  normal  to  the  respective  surface  or  well. 
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1.  INTRODUCTION 

For  the  Analysis  and  description  of  the  phenomena  of  three-dimensional  separation  and 
vortical  flow  fields  several  concepts  have  been  proposed,  that  are  intuitive  generalizations 
of  ideas  successfully  used  in  two-dimensional  or  even  planar  flows.  Such  generalizations 
are  of  limited  practical  use,  if  they  disregard  the  restrictions  to  which  a  two-dimensional 
flow  field  is  subject  but  which  are  absent  in  a  three-dimensional  flow.  For  example  an  axis 
of  rotation  in  a  two-dimensional  flow  is  perpendicular  to  the  velocity  field  while  the 
strain  rate  depends  only  on  the  two  coordinates  of  the  velocity  field.  So,  for  an  applica¬ 
tion  of  two-dimensional  concepts,  it  is  generally  necessary  to  introduce  locally  a  pre¬ 
ferred  direction  in  three-dimensional  space. 

Successful  developments  of  the  description  of  flow  fields  with  isolated  singular  points 
have  been  guided  by  the  theory  of  ordinary  autonomous  differential  equations  of  two  degrees 
of  freedom  11).  Together  with  topological  rules  [2]  it  is  an  effective  tool  for  Investiga¬ 
ting  the  topological  structure  of  a  vector  field  with  Isolated  singularities  on  a  surface. 

The  location  of  isolated  singularities  is  obviously  related  to  points  where  the  vector 
field  vanishes.  They  are  classified  by  the  behaviour  of  the  vector  field  in  their  neighbour¬ 
hood.  The  two  classes  are  nodal  points  (nodes,  foci)  which  behave  elliptically  and  saddle 
points  having  a  hyperbolic  behaviour.  The  respective  indices  are  *1  and  -1.  The  paths  be¬ 
tween  these  singularities  are  streamlines.  This  is  the  reason  why  the  topology  of  limiting 
streamlines  may  sometimes  easily  be  obtained  from  oil  flow  patterns. 

Recently  Horaung  and  Perry  (3)  proposed  a  generalization  of  this  concept  for  the  ana¬ 
lysis  of  tha  vortex  skeleton  in  a  three-dimensional  flow  field.  They  used  bifurcation  lines 
instead  of  singular  points.  The  concept  was  successful  in  clarifying  the  topology  in  sec¬ 
tions  through  three-dimensional  flow  fields.  However  no  stipulation  was  given  for  the  deter¬ 
mination  of  the  location  of  the  bifurcation  lines  from  a  given  three-dimensional  velocity 
vector  field. 

The  aim  of  this  paper  is  the  discussion  and  use  of  kinematical  relations  and  invariants 
for  the  description  of  separation  and  vortical  flow  fields. 


2.  THEORY 

Several  relations  will  be  derived  and  discussed  for  the  analysis  of  three-dimensional 
vortical  flow  fields.  We  shall  restrict  ourselves  to  incompressible  fluids  governed  by  the 
continuity  equation  and  the  stationary  Navler-Stokea  equations,  in  tensor  notation  we  have 
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where  the  no  slip  condition  holds  the  left  hand  side  of  Eq. (2)  veniahes: 

Pi1  •  u  u1  l3j- 

derlvates  of  tha  valoclty  component  normal  to  the  well,  uJ I . 


third  derivatives  may  be  related  to  the  wall  shear  stress  t •  u  u 
and  their  derivatives  at  the  wall.  Using  darlvatives  of  Bqs.(l)  and 


(3) 

vanish,  while 
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and 
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So  the  first  generally  nonvanishing  derlvativas  of  the  velocity  field  can  be  evaluated 
from  data  at  the  well.  8q.<4)  relates  tha  derivativs  of  the  velocity  coaponent  normal  to 
the  surface  to  the  divergence  of  the  wall  shear  atraaa  obtained  on  the  wall.  Only  the  second 
and  higher  derivatives  of  the  wall  pressure  field  are  related  to  tha  velocity  ccaiponent  nor¬ 
mal  to  tha  wall.  Therafore  wall  praasure  Measurements  are  relatively  insensitive  to  the  pha- 
n oaten*  of  separation.  Only  "aassivs"  separation*  are  detected  frost  well  pressure  steasuraatent* 

2.1  A  LOCAL  ROTATION 

A  More  exact  daacrlptlon  nay  be  obtained  frost  the  identification  of  local  rotations. 
Realising  the  fact  that  we  aay  establish  a  nonvanishing  curl  of  a  vector  field  without  what 
we  intuitively  call  a  vortex,  as  for  instance  in  a  Couett*  flow,  we  are  atiaulated  to  dis¬ 
cuss  the  local  quality  of  both  those  terns  and  their  relations.  The  curl  Is  s  tare  well  de¬ 
fined  by  spatial  dsrlvatlvsa  of  a  vector  field.  A  vortex  should  be  a  locally  rotating  part 
of  the  fluid  Miere  in  a  cross  section  the  atreaailine  patterns  look  Ilka  centrss  or  foci. 
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A  local  linear  vector  field  nay  be  repreaented  by  the  vector  of  displacement  u^|  ^  dx  -1 
with  the  tensor  ui|^  of  the  spatial  derivatives  of  the  velocity  field.  The  symmetric  pert 
of  this  tensor,  (u1|j  ♦  u^l^t/2,  la  the  stress  tensor  end  the  components  of  the  skew  symme¬ 
tric  pert,  (uA|j  -  u^l^l/2,  are  related  to  the  curl  of  a  vector  field  by  the  permutation 

tensor  c*  -  t***  u^^.  The  vector  u*^  dx^  describes  the  displacement  of  x^  ♦  dx3  with 
respect  to  a  certain  (Lagrangian)  frame  of  reference  attached  to  the  point  x3  and  partici¬ 
pating  locally  in  its  translatory  motion  u1.  For  the  determination  of  a  line  element  vector 

dx-*  that  has  the  same  direction  as  the  relative  displacement  u1!,  dx*  we  obtain  the  eigen¬ 
value  problem  3 


w3  -  X  w\  (7) 

vh«r«  X  is  an  eigenvalue  and  v*  is  an  eigenvector. 

The  characteristic  equation  of  Eq. (7)  reads 

X3  -  u1^  X2  ♦  (ui|iuJ|.  -  u1  i  ^u3 1 A)  X  /  2  -  datlu1;,)  -  0, 
which  reduces  due  to  the  conservation  of  mss  in  Eq.(1): 

X1  -  u^.u3^  X  /  2  -  detlu1^)  -  0.  (8) 

To  distinguish  the  eigenvalues  with  nonvanishing  imaginary  part  we  introduce  the  discriai- 
naitt 

d3  *  (ui|ju:,|i)3/27  -  (det(u1|J))2/«.  (9) 

For  values  of  d,  >  0  Eq.<8)  has  only  real  roots  and  the  principal  axas  of  deformation 
have  the  direction  of  the  eigenvectors.  For  a  symmetric  tensor  u  |  the  eigenvectors  are 
orthogonal  and  we  nay  construct  the  well-known  ellipsoid  of  principal  stresses.  If  the 
values  of  d,  become  negative,  Eq.(8)  has  only  one  real  root.  The  corresponding  eigenvector 
is  the  axlsof  a  local  rotational  displacement  that  we  nay  intuitively  call  a  vortex.  Thus 
we  can  localise  a  domain  in  a  flow  field  where  axes  of  local  rotations  may  occur  by  distin¬ 
guishing  the  complex  eigenvalues  of  the  velocity  derivative  tensor  u,  ) .  by  Eq. (9) .  The 
region  occupied  by  a  vortex  may  be  larger  than  this  domain.  3 

The  familiar  structure  of  the  streamlines  like  the  pattern  near  foci  or  centres  is 
realized  if  the  observer  looks  parallel  to  the  principal  axis  and  a  Galilean  transfonsation 
la  applied  that  locally  cancels  the  components  of  the  velocity  vector  normal  to  the  princi¬ 
pal  axis.  Though  the  principal  axes  are  invariant  with  respect  to  Galilean  transformations, 
tha  recognition  of  this  intuitive  structure  of  a  local  rotation  is  generally  not  invariant 
with  respect  to  Galilean  transformations.  It  is  only  if  the  principal  axis  is  almost  paral¬ 
lel  to  the  local  velocity  vector  that  a  local  rotation  is  observed  in  the  original  frame 
of  reference.  The  admissible  angle  of  deviation  depends  on  the  ratio  of  the  real  eigenvalue 
to  the  absolute  value  of  the  complex  eigenvalue.  But  also  in  this  case  the  velocity  vector 
at  that  point  muet  vanish  on  a  plane  normal  to  tha  viewing  axis.  If  the  stress  vanishes, 
i.e.  the  tensor  u^l^  becomes  purely  skew  symmetric,  the  curl  is  an  eigenvector  of  Eq.(7). 

As  the  flow  is  parallel  to  a  wall,  Eq.(8)  may  be  specialized  for  the  field  of  wall 
shear  stresses  in  a  frame  of  reference  where  the  wall  is  at  rest.  If  we  accept  the  (non- 

vanishing)  wall  shear  stress  vector  t“  to  represent  the  local  translatory  motion  we  obtain 
for  u3  |a  -  0 : 

(-i«la  -  I)  <12  -  Ta|a  x  ♦  det(ra|#))  •  0  (10) 

for  the  determination  of  eigenvalues  X.  This  means  that  an  axis  of  local  rotation  may  not 
be  situated  in  tha  wall. 


2.2  8  OWE  SPECIAL  POINTS  IN  A  FLOW  FIELD 

For  revealing  the  structure  of  the  flow  field  we  shall  investigate  the  occurrence  of 
of  soma  special  lines  or  surfaces.  The  theory  of  autonomous  ordinary  linear  differential 
equations  of  two  deqrees  of  freedom  is  applied  to  two-dimensional  vector  fields  idiich 
vanish  at  certain  points.  Tha  behaviour  of  the  equations  in  the  neighbourhood  of  such  points 
is  investigated  leading  to  the  result  that  the  different  behaviours  given  in  Fig.  1  can 
be  distinguished  by  three  parasMtars.  The  parameters  are  related  to  the  tensor  of  the  deri¬ 
vatives.  They  are  the  determinant,  the  trace,  and  the  discriminant  d,  for  complex  eigen¬ 
values.  As  the  veotor  field  vanishes,  tha  local  behaviour  of  the  streamlines  is  described 
by  the  next  higher  nonvanishing  differential  of  the  streamline. 
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In  order  to  obtain  a  similar  situation  as  in  Fig.  1  for  a  nonvanishing  velocity  field 
we  shall  investigate  the  differentials  that  only  affect  the  motion  perpendicular  to  the 
local  velocity  vector.  We  are  looking  for  special  lines  and  points  where  the  differential 
vanishes.  The  variation  of  the  investigated  differential  near  that  point  ensures  that  the 
streamlines  are  governed  by  a  higher  order  differential. 


Although  in  principle  there  is  no  preference  of  a  direction  in  space,  we  introduce 
the  local  velocity  vector  as  a  preferred  direction  for  investigations  of  the  velocity  field 
in  a  fixed  frame  of  reference.  In  this  case  an  observer  is  moving  with  the  local  velocity 
field  and  looking  only  in  the  direction  of  the  local  velocity  vector.  The  direction  of  the 
velocity  vector  has  to  be  told  to  him  by  a  second  observer  staying  in  some  frame  of  refe¬ 
rence  . 


For  this  purpose  a  base  transformation  .  has  to  be  applied  locally  to  the  velocity 

i  *3  * 

vector  u  such  that  it  has  only  one  component  u  different  from  zero  in  the  new  (dashed) 
base:  u*  *  .  u*.  The  components  of  the  two-dimensional  gradient  tensor  ua,|p,  can 

be  evaluated  from 


Vlf 


V  ui'j 


with  8 


(11 1 


The  field  of  velocity  vectors  u^  may  be  normalized,  because  only  the  direction  v*  is 
necessary  for  the  determination  of  a  streamline.  Then  above  transformation  is  almost  equi¬ 
valent  to  the  construction  of  a  surface  whose  tangential  plane  is  everywhere  locally  per¬ 
pendicular  to  the  direction  field  v1.  If  the  equations  of  Mainardi-Codazzi,  *  vjJik' 

and  Gauss  are  satisfied,  the  construction  is  uniquely  defined  for  a  given  point  of  the  sur¬ 
face  and  a  nonvanishing  velocity  field.  As  the  vectors  of  the  direction  field  have  unit 

length,  i.e.  *  v3  *  1,  the  above  (symmetric)  gradient  tensor  va  1^,  is  the  (nega¬ 

tive)  tensor  of  curvature  of  the  surface.  The  Invariants  of  the  associated  eigenvalue  pro¬ 
blem 


<va’  |B,  -  X6a*  !„,)  v8'  -  0,  (121 

i.o.  the  trace  va  |a,  and  the  determinant  K  *  det(v“  ! B , >  are  alao  Invariant,  of  the  aur- 
face.  They  are  known  respectively  as  (negative)  mean  curvature  and  Gaussian  curvature.  The 
eigenvalues  X  are  the  principal  curvatures  of  the  surface.  We  have  for  the  two  eigenvalues 
X1  and  X2  of  Eq.(12)  the  trace 


the  Gaussian  curvature 


K  -  det(va'  |fll)  -  X1  X2,  (13) 

and  the  discriminant  for  complex  eigenvalues 

d2  -  (v°'la,)2/4  -  det(va* Ip. ) •  ,14> 

If  the  value  of  d2  becomes  negative  the  construction  of  the  surface  Is  no  longer  uni¬ 
que  .  The  moving  observer  will  then  see  a  local  rotation. 


The  clasalflcatlon  of  points  on  this  surface  Is  obtained  from  the  Gaussian  curvature 
K.  For  nodes  we  have  an  elliptic  behaviour  with  E  >  0,  and  saddles  occur  In  hyperbolic 
regions  with  K  <  0.  A  parabolic  behaviour  is  established  for  K  •  0.  The  value  K  >  0  nay  be 
interpreted  also  in  another  way.  The  gradient  tensor  is  singular  and  higher  order  deri¬ 
vatives  may  be  Involved.  The  first  order  derivative  is  no  longer  significant.  These  are  the 
points  we  are  looking  for. 

There  exist  regions  where  the  behaviours  classified  by  R  nay  occur.  In  order  to  locate 
the  very  line,  or  point  on  the  surface  being  used  for  revealing  the  topology  of  the  flow 

field  we  require  the  displacement  tensor  va  ^ ,  to  be  singular.  We  are  looking  for  points 

with  K  •  det(va  |,,)  >  0.  If  we  additionally  have  va  |  ,  -  0,  we  are  in  the  origin  of  the 
coordinate  systempof  Fig .  1 . 


For  distinguishing  the  regions  the  above  construction  of  a  surface  is  not  necessary. 
Any  given  surface  la  possible.  However,  the  arbitrary  surface  should  be  nowhere  tangential 
to  the  velocity  field  In  the  domain  under  investigation  for  reasons  of  the  recognition  of 
variations  of  the  parameters. 


2.3  SPECIAL  LINES  AT  THE  WALL 

The  above  construction  nay  also  be  applied  to  the  flow  field  at  a  wall.  As  the  velo¬ 
city  vanishes  at  the  wall,  the  observer  la  consequently  looking  in  the  direction  of  the  wall 
shear  stress  because  the  translatory  motion  is  parallel  to  the  wall.  By  analogous  proce- 
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dures  as  before  a  surface  is  constructed  that  is  normal  to  the  field  of  wall  shear  stress 

and  the  wall.  In  this  case  we  have  v  I,  *  a  ,  v,  I,  *  0  and  va|_v  !,  *  1.  Thus  the  three- 

a 1 3  a  3 '3  '  3  a’  3 

dimensional  gradient  tensor  for  the  vector  field  reads: 


J  « 


V1 l32  V1 i33\ 

V2  ^  32  v2 I  33  J 
0  V3  ^  33  / 


(15) 


and  the  characteristic  equation  is  analogous  to  Eq.(10).  If  the  wall  shear  stress  vector 
is  aligned  with  the  first  coordinate,  i.e.  v2 |3  *  0,  the  two-dimensional  gradient  ten¬ 
sor  is  the  lower  right  part  of  the  matrix  in  Eq.(15).  The  invariants  are  obtained  from 

Eqs.(13)  and  (14).  Using  =  1  and  Eqs. (3)  to  (5)  we  get  (disregarding  the  metric  co¬ 

efficients  as  multipliers) 


'32 


we  have  the  equations  for  the  trace  v®!^  *  -0  I  j « 


the  determinant 


K 


(16) 


and  the  discriminant  d2  *  (2o2  |2  ♦  o1 l^)2  >  0. 


(17) 


The  last  equation  supports  the  conclusion  from  Eq.(lO),  that  a  local  rotation  cannot 
have  an  axis  in  a  wall.  We  are  looking  for  locations  with  extrem  descent  of  the  Gaussian 
curvature  to  the  zero  line.  The  sign  of  the  divergence  (at  the  vi  1)  of  the  wall  shear 
stress  may  qualify  -  due  to  the  Eq.(4)  -  the  line  as  separation  01  reattachment.  The 
magnitude  of  K  and  the  steepness  of  K  may  be  looked  at  as  a  measure  for  the  strength  of 
separation  or  reattachment.  Looking  parallel  to  the  wall  shear  stress  vector  the  moving 
observer  will  see  an  angle  e  between  the  local  displacement  and  the  surface.  It  is  given 

by  tan 9  «  -  1  -  o1 \yfo2\2. 


3.  EXPERIMENTAL  RESULTS 

For  the  experiment  a  sting-mounted  prolate  spheroid  was  used  in  the  3-meter  Low  Speed 
Wind  Tunnel  of  the  DFVLR  Gdttingen.  The  model  was  especially  designed  for  investigations 
of  three-dimensional  boundary  layers,  the  phenomena  of  boundary  layer  separation  and  vor¬ 
tical  flows.  For  this  purpose  measurements  of  the  pressure  and  wall  shear  stress  vector  at 
the  surface  and  the  velocity  vector  in  a  region  around  the  body  were  carried  out.  The  test 
set-up  and  the  data  reduction  procedures  have  been  described  in  Refs. [4]  to  (6). 

The  wall  shear  stress  vectors  have  been  measured  by  means  of  hot  films  in  twelve  cross- 
sections  of  the  prolate  spheroid.  For  further  processing  the  data  have  been  taken  as  an  in¬ 
put  of  a  two-dimensional  approximation  by  spline  functions,  which  allow  an  evaluation  of  the 
components  of  the  vectors  and  their  derivatives  at  any  point  in  the  considered  domain.  A 
result  is  given  in  Fig.  3,  where  limiting  streamlines  are  shown,  which  have  been  obtained 
by  an  integration  of  tha  direction  field  of  wall  shear  stress  vectors.  The  most  significant 
feature  is  the  convergence  of  the  lines  which  is  Interpreted  as  separation  whereas  their 
divergence  is  associated  with  attachment. 

The  velocity  vectors  have  been  measured  with  a  pressure  probe  of  6  mm  diameter,  it  is 
a  direction  probe  that  uses  the  pressure  Information  from  ten  holes  (6).  The  velocity  vec¬ 
tor  was  measured  at  points  of  a  conical  surface  that  is  normal  to  the  model  as  indicated 
in  Fig.  2.  In  Fig.  4  the  velocity  vectors  at  the  first  and  the  last  surface  are  shown.  The 
seven  intermediate  surfaces  are  indicated  ly  dashed  lines  at  the  wall.  The  choice  of  conical 
surfaces  had  the  advantages  of  using  monoclinic  coordinates  of  the  surface  and  an  easier 
application  of  spline  routines,  which  were  applied  to  the  evaluation  of  the  components  fnd 
the  derivatives  in  the  three-dimensional  field.  Actually  the  contravariant  components  u 
of  the  velocity  vector  were  processed  in  the  spline  routines.  The  field  had  been  measured 
for  a  free  stream  velocity  of  Uw  *  45  m/s  (Re  *  2a  o/u  *  7.2  •  10*)  and  an  angle  of 
incidence  of  a  *  29.5°. 

The  drawings  of  result#  from  the  measurements  of  the  velocity  field  are  obtained  in 
th  llowing  way.  For  reasons  of  a  simpler  evaluation  of  the  metric  coefficients  the  re- 
spec  A  /e  values  of  the  presented  functions  perpendicular  to  the  wall  of  the  spheroid  have 
been  evaluated  on  conical  surfaces,  as  shown  in  Fig.  2.  This  surface  was  then  projected  on 
a  Burtac9  being  normal  to  the  xQ-axis.  There  are  only  slight  distortions  because  the  angles 
between  the  two  surfaces  are  relatively  small.  The  plot  of  the  velocity  vectors  in  Fig.  5 
summarizes  the  basic  information  for  the  other  results.  (The  observer  is  looking  in  the 
direction  of  U^coeo.)  The  same  spacing  of  the  points,  where  the  functions  are  evaluated. 
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is  used  throughout  the  next  figures.  As  an  estimation  of  errors  of  the  measured  values 
is  difficult  to  obtain,  at  least  the  functions  being  evaluated  from  spatial  derivatives 
should  be  looked  at  more  qualitatively  then  quantitatively.  An  indication  of  the  error 
of  the  spatial  derivatives  is  given  in  Fig.  6,  where  lines  of  constant  absolute  values 
of  the  divergence  of  the  velocity  field  are  drawn. 

A  function  based  on  spatial  derivatives  is  the  curl  whose  vector  components  normal 
to  the  axis  xQ  are  plotted  in  Fig.  7.  In  the  given  sections  of  the  flow  field  the  shear 
layer  and  the  vortex  are  the  most  significant  features  of  the  drawing.  They  gradually 
depart  from  the  surface  with  increasing  xQ.  The  vertical  components  in  the  plane  of  symme¬ 
try  at  $  =  180°  indicate  also  the  magnitude  of  the  error.  The  components  of  the  curl  in 
the  plane  of  symmetry  must  vanish.  The  magnitude  of  the  vector  of  curl  in  Fig.  8  also 
reveals  the  dominance  of  the  curl  in  the  vortices  and  the  shear  layers.  In  order  to  have 
a  relation  between  the  vector  fields  of  curl  and  velocity.  Fig.  9  shows  the  local  relative 
angles  between  both  vectors.  In  the  main  vortex  on  the  given  side  of  the  prolate  spheroid 
the  curl  and  the  velocity  have  opposite  directions.  For  xQ/2a  =  0.7  it  is  seen  that  in  one 
of  the  smaMer  vortices  both  vector  fields  have  the  same  udirection. 


Truesdell  [7]  proposed  two  measures  for  a  characterization  of  a  vortical  flow  field. 
These  are  ~ne  "kinematic  vorticity  number" 

1  /2 

=  l<ui  j-Uj  lt>  fu1!3-*!3  il/t(uilj«ujii)(ui:i.ujli)ll  (18) 


which  depends  on  some  ratio  of  the  skew  symmetric  part  (curl)  and  the  symmetric  part  (stress) 
of  the  deformation  tensor,  and  the  "dynamic  vorticity  number" 


Mp  =  ( (uiuJ{  l1-uiu1  i^)  <u3uk 


:k)/(u1u. 


uV I*) 1 


which  measures  the  importance  of  the  curl  relative  to  the  gradient  of  the  velocity  field 
for  the  left  handside  of  the  Navier-Stokes  equations,  Eq. (2) .  The  meaning  of  the  values  had 
been  extensively  discussed  in  Ref.  (7).  For  this  reason  we  only  present  results  in  Figs.  10 
and  11  which  were  derived  from  the  experiment. 


The  next  f  .gures  show  applications  of  some  parameters  discussed  before.  In  Eq. (9)  we 
introduced  the  discriminant  d^  for  complex  eigenvalues  of  the  three-dimensional  tensor  of 
spatial  derivatives.  In  Fig.  T2  lines  of  d.  =  0  are  presented.  Within  the  region  d^  <  0  axes 
of  local  rotations  occur.  In  comparison  to  vector  fields  of  velocity  and  curl  of  velocity 
in  Figs.  5  and  7  the  space  in  Fig.  12  is  much  more  structured.  The  dominating  feature  occu¬ 
pies  the  region  where  the  mail  vortex  in  Fig.  5  is  seen,  while  the  strong  shear  layer  being 
indicted  by  the  curl  in  Fig.  t  is  less  striking  and  not  connected  as  Fig.  8  might  have  indi¬ 
cated.  The  smaller  vortices  lw  Fig.  5  near  to  the  wall  are  clearly  indicated.  Some  lines  of 
constant  relative  angles  between  the  real  eigenvector,  i.e.  the  principal  axis  of  the  local 
rotation,  and  the  velocity  vector  and  its  curl  are  shown  in  Figs.  13  and  14,  respectively. 
They  Indicate  regions  where  the  respective  vectors  are  parallel  or  antiparallel.  The  regions 
are  nearly  the  same  as  those  shown  in  the  figures  before. 


In  Fig.  15  we  answer  the  question  as  to  whether  an  observer  will  see  a  local  rotation 
if  he  is  looking  parallel  to  the  local  velocity  vectors.  Such  regions  are  confined  by  the 
lines  with  dj  5  0  of  Eq . (14) .  They  are  approximately  the  same  as  those  confined  by  dj  «  0 
of  Eq. (9) .  only  parts  of  the  shear  layer  have  been  excluded. 


In  Fig.  16  lines  of  constant  values  of  the  Gaussian  curvature  K  are  presented  for  sur¬ 
faces  that  are  normal  to  the  local  velocity  vector  at  the  point  of  evaluation.  As  the  spa¬ 
tial  resolution  of  the  experiment  is  insufficient  to  admit  an  evaluation  of  the  criteria  of 
special  lines  only  regions  of  extreme  values  of  K  are  shown,  which  give  an  impression  where 
higher  order  differentials  are  involved.  In  Fig.  15  the  regions  with  positive  values  have 
the  quality  of  foci  or  centres. 


The  spatial  resolution  is  much  better  for  the  measurements  of  the  wall  shear  stress 
vectors.  In  Fig.  17  the  variation  of  K  at  the  wall  is  displayed  together  with  the  magnitude 
of  the  wall  shear  stress  and  the  divergence  of  the  wall  shear  stress.  A  great  variation  of 
K  is  found  in  the  region  where  the  wall  streamlines  indicate  separation  and  reattachment 
(cf.  Fig.  3).  Also  points  with  K  ■  0  are  found  in  that  region.  They  are  correlated  to  the 
lines  of  converging  wall  streamlines  within  the  spatial  resolution  of  the  measurement. 
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Fig.  1  Behaviour  of  autonomous  ordinary  Fig.  2  Configuration  of  the  model 
differential  equations  of  two  investigated, 

degrees  of  freedom  in  different 
regions. 


Fig.  3  Limiting  streamlines  on  the  inclined  prolate 
spheroid. 
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Fig.  7  Components  of  ths  curl  of  velocity  normal  to  the  main  axis  x.  of  the  modal 
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Fig.  9  Angle  between  the  velocity  vector  and  it»  curl 
MHB  <  30°. 


height 


Fig.  10  Kinematic  vorticity  number  1^,  Eg.  (IP) 


Fig.  11  Dynamic  vorticity  number  Nq,  Bq.(l»l 
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i  method  for  calculating  the  hypersonic  slip  flow  around  slender  elliptic  cones  at  slight  angle  of  attack 
Ls  developed.  The  governing  equations  are  derived  from  the  Navier-Stokes  equations  and  the  energy  equaticn 
yy  an  order  of  macpiitude  analysis.  There  results  a  system  of  partial  nonlinear  parabolic  differential 
equations  for  the  flow  variables  of  the  shock  formation  regime.  The  system  is  integrated  by  means  of  an 
explicit  f ini te-di f ferenoe  scheme  and  the  results  so  obtained  are  compared  with  experimental  data.  Finally 
the  influence  of  the  elliptic  cross  section  geometry  as  well  as  the  influence  of  the  angle  of  attack  on  the 
flew  field  properties  with  particular  attention  an  the  cross  flow  are  Investigated. 


C  Chapman-Rubes  in  factor  *  (i^-  T^,  ) /(u*,-  T^) 

c  axis  ratio  of  the  elliptical  cross  section 

c  small  quantity  ■  0(1//ite~f) 

Y  ratio  of  specific  heats 

\  co  mean  free  nolecular  path 

Lref  reference  length  *  y  Uo*/  P^u  ^ 

U  viscosity  coefficient 

M  Mach  rusher 

p  static  pressure 

o  density 

reference  Iteynolds  muter 

Re^  Fteynolds  number  of  the  free  stream  per  centineter _ 

shock  boundary  layer  interaction  parameter  «  M^  /\/te1/C«0 
u  cone  angles  (see  Fig.  2) 
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«•  free  stream 

W  acre  surface 

1  per  path  length 
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Extensive  experiments  in  the  hypersonic  zegine  cn  Delta  wings  with  thaxp  leading  edges  on  circular  cones 
and  also  cn  couplets  hypersonic  bodies  have  dean  suited  a  three  dimensional  flow  field  with  vortices  cn 
the  lee  side  of  these  bodies.  The  results  of  the  lnveetl<ptlcn  an  the  triangular  wing  (Itof.  1)  as  well  m 
cn  the  circular  cans  (Rif.  2)  indicated  that  the  vortex  formation  takes  place  within  tto  boundary  layer  md 
that  the  location  of  the  vortex  foraeticn  lies  father  downstream  cn  the  circular  acne  than  cn  the  Delta 
wing  for  the  same  angle  of  attar*  neevering  ocapenble  wing  leading  edge  and  ocne  angle.  Since  no  leading 
edqe  separation  of  the  flow  field  did  occur  cn  the  triangular  wing  and  the  flaw  field  around  the  Delta  wing 
or  the  circular  acne  have  consequently  the  ease  structure  the  different  location  of  the  vortex  farnwtim 
must  be  caused  by  the  cnee  flow  structure  cn  the  apex.  This  phanoeenen  can  be  explained  due  to  the  strong 
expansion  of  the  flow  around  the  leading  edge  of  the  wing  vdiich  results  in  a  stronger  cross  flow  cn  the 
apex  of  the  wing  then  cn  the  apex  of  the  circular  cone.  The  above  stated  suggsstlcn  can  be  supported  by  tto 
results  of  *x>  efthar  eiperiaental  investigations  on  Delta  wince  thexeas  the  reoion  of  the  vortex  is  further 
(VMnetzeaa  isaouad  by  changing  the  geemetry  of  the  gsx.  Fbr  this  reason  the  apex  has  been  blinded  (iaf .  3) 
and  drooped  (Ref.  4) .  Roth  apex  modifications  resulted  in  a  change  of  the  cross  flow  structure.  It  should 
be  mentioned  that  cn  the  apex  no  vertices  can  be  expected  as  it  has  been  indicated  experimentally  in 
(l*f.  1)  and  theoretically  in  (Rif.  5)  as  long  as  the  ahodc/bowdary  layer  interaction  paremeter  is  greater 
then  1 .  The  basic  aim  of  this  study  is  to  clarify  ths  physical  reasent.  for  the  differing  vortex  faraetion 
5*lte  wing  and  on  a  circular  ocne.  8bwe  no  leading  edge  flow  field  separation  oust  be  taken  into 
oonslteration  for  the  reasons  stated  Roe  the  Delta  wing  or  triangular  plate  and  the  circular  cone  cm  be 

»ltt»  alllptloal  c* am  aactlai.  In  In  rills  writ  U»  ptyslaal  and 
^Mtrloal  ondltlo*  for  ria  wets*  fnM  I  on  on  «»  In  aida  of  hyperacnic  bodLaa  will  ba  tfaacaatl  cally 
limatl<»tad  by  nans  of  an  alliptieal  ocna.  B»  croaa  flow  an  the  apax  of  ritia  body  will  ba  affected  by 
***“?“  rwtio  01  **“  •lUptloal  aactlcn  and  the  angla  of  attack  of  riia  acne  tricing  accocnt  of  «■ 
fna  flea  condition.  Ctanoamlng  tha  naolts  particular  attantln  will  ba  paid  to  ri»  occurnaaoe  of  m 
adnraa  paaastn  In  aslauthal  dlractlon  cn  tha  In  aid.  aa  wall  n  to  tla  prcnrtlaa  of  tta  nlauthal 


velocity  vtereas  the  arimizthal  velocity  profiles  axe  ejected  to  became  gradually  slMlar  to  the  vmll  known 
aeraratlcn  profile*. 


2.  THE  PHYSIOL  mat 

Since  the  vortex  generation  vrt.ll  be  theoretically  inveetigated  by  ocnsldering  the  cross  flow  oavditians 
in  the  vicinity  of  the  fpex  the  physical  nodell  of  the  hyperscnlc  flow  field  for  zero  or  snail  angles  of 
incidence  will  be  strongly  affected  by  the  conditions  an  the  surface  (Ref .  5) .  The  flow  field  nodell  along 
a  generator  line  of  the  ocne  will  then  be  basically  similar  to  a  two  dimensional  hyperscnlc  flow  field  over 
a  flat  plate  with  a  sharp  leading  edge  at  incidence  (Pig.  1)  (Ffef .  6) .  Thus  the  flow  field  over  a  ocne 
generator  lire  at  high  Hxh  ranter  and  lew  Reynolds  muter  can  be  distinguished  between  the  shock  formation 
region  characterized  by  large  pressure  and  bsaperature  gradient  normal  to  wall  and  the  region  of  the  vi accrue 
Interaction  with  the  frictireless  but  rotational  flaw  field  between  shock  and  boundary  layer.  Thu*  this 
physical  modell  of  the  flow  field  is  the  basis  of  the  present  investigation .  The  flow  field  hae  been  inve¬ 
stigated  only  within  the  shodc  formation  region.  Since  this  flow  nodell  is  not  suitable  far  the  oensideratien 
of  stagnation  effects  oily  scull  cove  angles  as  veil  as  angles  of  Incidence  can  be  considered.  Kith  in¬ 
creasing  angle  of  attack  a  cross  flow  appears  vhlch  will  be  oateldexed  In  the  matheeeitlcal  nodell.  Further¬ 
more  simplifications  ocnoeming  the  physical  behaviour  of  the  itediim  halve  been  cede  in  order  to  redone  the 
computational  time  far  the  numerical  calculations.  Thus  the  effects  which  from  experience  do  not  Influence 
the  flow  field  substantially  such  as  nenequi librium  and  wall  aatalytical  effects  are  not  considered  here. 
Furthermore  the  median  is  assured  to  be  thermally  end  cal  critically  perfect  gee. 


3.  THE  MKMEMMTCRL  HOPEH. 

In  order  to  carry  out  the  theoretical  investigation  a  mathematical  nodell  has  been  developed.  Since  the 
flow  field  has  bouxlary  layer  properties  the  mathematical  nodell  to  be  applied  here  hae  to  deal  with  hyper¬ 
sonic  three  dimensional  flow  field  similar  to  a  boundary  layer. 


The  Coordinate  Transformation 

Consequently  a  body  fixed  surface  oriented  coordinate  system  has  been  chosen  here.  The  cone  surface  is 
covered  with  e  grid  of  orthogonal  coordinate  lines  f.  or  t,  Ik  or  e.  The  third  coordinate  Una  e,  or  h 
coincides  with  the  surface  normal  at  each  point.  The  coordinate  uu  or  to  is  the  penetration  line  Between  a 
sphere  with  the  radlre  R  and  the  ocne  to  be  oreaifered  here.  The  Coordinate  system  R,  <p,  h  (Fig.  2)  is 
orthogonal  cm  the  ocne  surface  and  remains  orthogonal  all  over  the  space  amend  the  ocne  because  the  coor¬ 
dinates  R  and  cm  are  main  curvature  lines  of  the  ocne.  It  Is  worth  mentioning  that  tills  coordinate  system 
enables  the  immstlgatire  of  ernes  with  hl^i  elUptldty.  The  transformation  equations  from  the  surf  are 
oriented  to  the  aaxteslm  coordinate  system  are  gltmn  in  (»f .  7) .  Since  the  coordinate  cm  occurs  as  a  trlgo- 
ncmetric  function  it  Is  possible  to  put  more  computational  points  at  the  vicinity  of  vortex  of  the  elliptical 
section  there  also  large  gradients  of  pressure  are  aapected. 


The  Differential  Equation  System 

The  mathematical  modal  has  been  developed  cn  the  basis  of  the  three  following  basic  equations,  l.e. 
conservation  of  mass,  ocnaervatlcn  of  i  item  items  red  conservation  of  energy,  a  system  of  partial  non-linear 
differential  equations  of  second  order  for  the  coordinate  system  already  described  has  been  derived  from 
these  basic  equations  end  has  cmssqusntly  been  mode  dUameianlese  using  among  other  quretitiea  a  reference 
length  in  the  order  of  na^iltude  of  the  rtxxfc  formation  region  length.  Details  of  the  equation  system  in 
dimensionless  fora  ere  given  In  (Mf .  7) . 


Type  Definition  of  the  Equation  System  -  Initial  and  Boupdsry  condition 

-  *iUe  the  presume  gradients  in  selmaatiilnal  mad  In  normsil  to  surface  eoaentra  aquations  Sp&c  red 
*P/®h  respectively  have  to  be  considered  during  the  neloiletire  because  they  am  of  the  order  of  mgnltudt 
equal  1 .  The  pressure  gradient  In  B-dLractire  oan  be  neglected  because  It  appears  In  the  here 
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This  tare  Is  of  higher  order  Mil  oagmred  with  other  tame.  The  so  derived  aquation  system  of  ration 
became  parabolic  mad  ora  be  solved  me  an  Initial -boundary  velum  preplan.  foe  initial  mad  —->*»'  boundary 
oonditlcnt  are  the  free  stream  cash  tires  (for.  73  -hn~»ir  the  intrtai  cxndl  tires  are  aasraad  to  be  cotmtret. 
in  the  heltot.  The  Maaamll  slip  flow  oredl tires  have  bare  applied  to  the  erne  aqrhaae  (for  details  ere 


uni  retire  aagafta  «*  o—  wwfr  fr™1*  sS. 


As  it  will  be  stated  below  the  above  angles  should  be  of  the  order  of  magnitude  of  10  degrees. 


Numerical  Algorithm 

The  differential  equation  system  has  been  solved  by  means  of  an  algorithm  based  cn  a  pure  explicit 
finite  difference  method  (Ref.  7) .  The  step  width  in  the  R-directicn  has  been  ccn trolled  using  the  appropriate 
stability  condition  fear  a  three  dimensional  explicit  difference  method.  The  boundary  conditions  have  been 
taken  into  consideration  by  iteration  (Ref.  8) . 


4.  RESULTS 

The  Free  Flow  Conditions 


The  flow  field  calculations  haw  been  carried  out  on  the  basis  of  the  following  free  flow  parameters 
free  stxean  Mach  muter  =  7,95 


free  stream  Reynolds  muter  per  length 
free  stream  Prandtl  nutter 
mean  free  stream  molecular  path 


Ret  =  38456/cm 
Pr^  =  0,7368 
X*.  *  0,000312 2  cm 


The  reference  length  is 


Lref  -  0,1454  an 

and  the  reference  Reynolds  nutter 

Reref  -  88,48 


The  Quality  of  the  Present  Mathod 

Within  the  present  Investigation  no  experiments  have  been  carried  out.  Xn  order  to  prow  the  quality  of 
method  presented  here  experinental  results  from  the  bibliography  haw  been  used.  For  this  reason  the  wall 
pressure  distributions  for  a  ocne  with  an  axis  ratio  of  the  elliptical  section  c  *  0,5  and  for  the  angles 
of  incidence  a  =  oQand  a  =  4°  haw  been  calculated  and  ocnpared  with  experimental  results  on  an  elliptical 
cone  with  c  *  0,5  and  a  Mach  nuiter  of  5,8  which  is  too  low  to  be  considered  here  (Raf.  9) .  Since  the 
shock  boundary  layer  Interaction  parameter  x^a  Is  different  only  a  qualitative  ccnpariscn  of  the  results 
of  both  investigations  could  be  carried  cut  (Fig.  3) .  A  good  qualitatiw  agreement  between  the  theoretical 
and  experimental  results  has  been  achiewd  for  both  angles  of  attack  a  *  0°  and  a  =  4°  concerning  the 
azimuthal  pressure  distributions.  This  conformity  becomes  better  with  decreasing  shock /bomdary  layer 
interaction  parameter  since  the  same  par  ante  r  for  the  experiment  is  much  smaller  than  1. 


The  Influence  of  the  Angle  of  Attack  on  the  Cross  Flow 

The  azimuthal  pressure  distribution  <n  an  elliptical  cxne  with  c  *  0,5  for  angles  of  attack  from  a  =  cP 
to  a  -  8°  has  beat  calculated  (Fig.  4) .  An  increase  of  the  pressure  gradient  occurs  cn  the  vertex  of  the 
elliptical  ocne  -  cp  =  9CP  -  with  Increasing  angle  of  attack,  also  the  wall  pressure  maximun  is  moving  to¬ 
wards  -  <p  =  CP  -  cn  the  wind  side.  At  the  angle  of  incidence  a  *  8°  the  maodsun  Lies  on  the  generator  line 
a>  -  C P.  This  means  that  a  strong  cross  flow  occurs  from  the  windward  aide  to  the  lee  side.  This  crossflow 
did  not  appear  for  an  angle  of  incidence  a>£  4°.  Furthermore  a  constant  pressure  is  already  built  tp  between 
*  15CP  and  a>  *  18CP  with  a  sliest  increase  between  <d  -  16CP  and  <p  ■  18CP.  This  leads  to  the  assuBpticn 
that  an  adverse  pressure  is  already  built  qp  althou^i  the  shock /boundary  layer  interaction  parameter  is  still 
quiet  high.  The  already  mentioned  cross  flow  around  the  ocne  towards  the  lee  side  for  a  -  8°  results  in  a 
rotation  of  the  near  surface  stream  lines  towards  the  lee  side  (Fig.  5) .  The  rotation  of  the  streonlines  on 
the  cone  surface  is  defined  as 

m  axctm 

whereas  v  and  u  are  the  velocity  aaspenents  in  <p-  resp.  R-directicn.  The  rotation  is  positive  in  case  the 
v-oonpenent  shows  fran  the  wlnd*rd  side  to  the  lee  side  of  the  ocne  or  to  the  asnerstar  line  ®  -  18cP. 


The  Inflrencc  of  the  Axis  Ratio  of  the  Cross  Section 

The  influence  of  the  axis  ratio  of  the  elliptical  section  an  the  azisuthal  pressure  distribution  an  the 
ocne  surface  has  been  investigated  (Fig.  6) . 

For  the  ocne  with  a  hit^  axis  ratio  c  •  0,333  and  for  an  angle  of  attack  a  •  4°  the  pxeeeure  plateau 
between  o  -  IScP  and  <p  -  18CP  already  exists  and  a  slight  adverse  pressure  appear*  between  ®  •  16cP  and 
0  *  l#cP.  Cn  the  contrary  cn  the  ocne  with  si  axis  ratio  c  ■  0,3  the  pressure  gradient  towards  the  x-e-plwe 
still  exists.  Furthsnea*  the  gradient  arornd  the  leading  edge  is  stronger  at  a  c  •  0,333  than  at  a  c  •  0,5 
dildi  oonesqiently  leads  to  the  oocuranoe  of  a  strong  areas  flow. 
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Flow  Field  variables 


Fbllcwino  this  seme  variables  of  the  flow  field  around  the  oore  with  an  axis  ratio  c  »  0,5  at  an  angle 
of  incidence  a  «  8°  and  with  increasing  distance  frtm  the  ^rex  i.e.  with  decreasing  x»j  will  be 
in  detail.  First  the  azimithal  velocity  profiles  at  various  stations  o  and  x^will  be  considered  (Fig.  7) . 

As  we  expected  the  flew  at  the  station  (p  =  15Cr  deoelarates  near  the  surface  with  increasing  distance  from 
the  apex  viiile  the  flew  accelerates  at  the  wind  side  and  at  the  vertex  of  the  elliptical  section.  Also  a 
strenter  decrease  of  the  slip  flew  appears  at  ©  «  <*P  than  elsewhere  cn  the  cane  surface.  The  form  of  the 
cross  flew  profiles  can  be  explained  due  to  the  shock  formation  above  the  acne  surface  (Fig.  8) .  As  ird<ht  be 
expected  the  formation  of  the  shock  cn  the  lee  side  proceeds  slower  than  on  the  wirxWard  sicte.  It  is  worth 
noting  that  the  shock  has  still  a  width  and  that  this  width  corresponds  with  the  inctentaticn  of  the  azixxi- 
thal  velocity  profiles.  Finally  the  azimuthal  wall  pressure  distribution  at  various  distanaes  fron  the  apex 
of  the  cone  has  been  calculated  (Fig.  9) .  Hie  increasing  expansion  aroend  the  leading  edge  of  the  elliptical 
ocne  with  decreasing  x„strcngly  modifies  tie  wall  pressure  distribution  between  ®  «  6CP  and  <r  =  10CP 
Furthermore  the  formation  of  the  adverse  pressure  at  <c  >  14CP  has  also  been  observed  since  a  sli^it  increase 
of  the  static  pressure  occurs  in  this  region  of  the  coordinate  gr.  Finally  it  is  worth  rrentioning  that  a 
strong  rotation  of  streanlines  towards  the  lee  side  takes  plaoe  in  tl*  vicinity  of  the  vertex  dm  to  the 
expansion  while  the  shock /boundary  layer  interaction  parareter  decreases  (rig.  10) . 


CCNCLU5ICMS 

The  present  investigation  shews  that  for  small  angles  of  incidence  of  an  elliptic  cove  -  in  contrast  to 
the  circular  cxne  -  the  cross  flow  occurs  only  slowly  or  not  at  all  whereas  at  mxte rate  incidence  end 
because  of  the  lar^  expulsion  aroond  the  ridgeline  a  marked  cross  new  occurs  aroxnd  the  ridgeline.  This 
expansion  and  thus  the  cross  new  becomes  more  marked  with  increasing  elliptidty  of  the  conical  section 
and  with  increasing  Incidence.  No  fonreticn  of  vortices  could  be  foind  within  the  shock  formation  region, 
nils  may  be  attributed  to  the  large  diffusion  within  this  region.  The  slight  increase  in  static  pressure  on 
the  lee  side  with  the  advance  of  the  calculation  in  the  main  flow  direction  leads  to  the  asstmptlcn  that  an 
adverse  pressure  forms  which  would  generally  lead  to  the  formation  of  a  vortex  in  a  three  disevslcnal  flow. 
Since  this  process  occurs  at  large  shock /boundary  layer  interaction  parameter  x^and  moderate  angle  of 
incidence  it  can  be  assured  that  for  an  elliptic  ocne  -  in  contrast  to  the  circular  ocne  -  the  vortex  forma¬ 
tion  occurs  at  larger  X^and  smaller  a. 

The  present  calculation  method  based  on  «i  explicit  finite  difference  scheme  is  not  sui trkrle  for  oalcula- 
tlcns  tp  to  x„w  1  because  of  the  hlcfi  acnputaticnal  time  required.  Therefore  another  method  based  on 
iirp licit  difference  scheme  should  be  developed. 
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SUMMARY 


VISCOUS  THREtDOIEf«K>NAL  FLOW  8BARAT10NS  FROM 
HIGH- WING  FROFELLER-TURBINE  NACELLE  MODELS 

RJL  Wkktns 

Low  Speed  Aerodynamic  Laboratory 
National  Aeronautical  Establishment 
National  Raaawch  Conned  Canada 
Ottawa,  Canada  K1A0R6 


'Tim  paper  describes  an  investigation  of  rkcoua  three-dimensional  (lows  on  high -wine  n 
of  currant  commuter  aircraft. 


t  configurations  which  are  typical 


Flow  vkualixation  on  two  nacelle  configuration*  wu  uaad  to  dopict  the  viscous  vortex  aeparationa  in  the  underwit*  junction, 
the  nacelle  afterbody,  and  the  wing  upper  surface  over  the  central  region.  Hie  surface  ahear  stress  patterns,  although  complex,  wen 
composed  of  combinations  of  elementary  three-dimensional  viscous  flows  and  boa  vortices  which  stream  downwind.  A  strong  vortex 
flow  was  produced  over  the  top  of  the  wing  by  the  uee  of  leading  edge  extensions  along  the  forward  portion  of  the  nacelle. 

Observation*  were  also  made  of  the  effects  of  a  propeller  slip-stream  and  the  distortion  of  this  propulsive  flow  by  the  mutual 
interference  of  the  wing  and  nacelle. 
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SYMBOLS 


,  b2 

aspect  ratio  — 

wing  span,  nacelle  effective  span 
lift  coefficient 
drag  coefficient 
wing  efficiency  factor 


flight  speed 
wake  down  wash 
spanwise  location 
vertical  location 
angle  of  attack 


total  pressure  parameter 


aDW  downwtsh  angle  (positive  hi  negative  lift  direction) 


total  pressure 
reference  pressure 


0sw  sklewash  angle  (positive  along  starboard  wing) 
c  wing  streamtube  deflection  angle 

0  nacelle  streamtube  deflection  angle 


INTRODUCTION 

This  paper  presents  wind  tunnel  observations  of  various  types  of  three-dimensional  viscous  flow  separations  on  high-wing 
nacelle  configurations  which  a»  raprassntstivs  of  current  propeller-turbine  technology  for  commuter  aircraft.  Hum  observations,  in 
which  flow  vhuahsation  waa  uead  extensively,  have  dealt  mainly  with  flows  hi  the  under-wing  junction,  along  the  top  of  the  wing  at 
high  incidence,  md  on  the  nacelle  afterbody.  The  models  were  unpoweved,  however,  the  effects  of  a  propulsive  streamtube,  and  slip¬ 
stream  rotation  were  observed  for  certain  caaas. 

Since  moat  or  all  of  the  oabesrved  flows  were  of  a  three-dimensional  vortical  type,  the  surface  shear  stiea  patterns  seen  on  the 
model  surfaces  reflected  the  psessnes  of  steady,  rolled  up  vortex  sheets  which  stream  downwind.  In  addition,  schematic  isprarentatioo 
of  the  various  viscous  singularities  with  which  them  complex  (lows  can  sometimes  be  repreesnted,  are  abo  presented.  In  some  caaas  it 
wn  also  prurihb  to  do  wake  trireme*  in  order  to  locate  the  regions  of  vortichy  or  separation. 

Interest  hi  thb  subject  stems  from  Ressarch  and  Development  in  Canada,  and  aba  where,  of  a  new  generation  of  propeller- 
driven  comm  mar  dam  aircraft.  The  DeHsvMand  Dash-7  and  Dash-8,  now  under  dsretopmant,  are  current  sxwepjsa.  These  aircraft 
exploit  the  adrentapm  of  the  propafler -turbine  propulsion  system  and  reflect  the  most  recent  advances  in  aerodynamic  design.  Aero¬ 
dynamic  refinement  of  both  the  airframe  and  engine  b  necessary  for  efficient  fl&t,  and  much  information,  both  theoretical  and 
experimental  b  being  appfced  to  the  development  of  thaaa  new  types  of  aircraft.  One  area  which  b  of  pnrticnbr  importance  b  the  angina 
nacette,  and  its  design  and  placement  on  the  wing  so  as  to  produce  the  optimum  integration  of  lift  and  thrust.  A  typical  aircraft  develop¬ 
ment  program  requires  bags  amounts  of  wind  tunnel  tasting  and  analysis  of  data,  bading  to  a  final,  artbfactory  design;  however,  the 
present  research  program  was  undertaken  to  explore  certain  assets  of  the  aerodynamic  flow  over  hleelned  wiag-neceBs  configurations 
(Ref.  7). 

NACELLE  AERODYNAMIC  CHARACTERISTICS 

In  a  wing-high  cooflguiatkm,  typical  of  many  current  aircraft  types,  the  mats  factoca  in  the  design  and  rising  of  the  nacelle, 
are  the  engine  choice  and  placement,  and  the  location,  aba  and  retraction  mod#  of  tbs  main  undercarriage.  Having  satisfied  these  re¬ 
quirements,  tbs  eerodynanddst  must  now  riiape  the  external  contours  to  produce  wnooth  flow,  and  minimum  drag  Increments.  Hb 
choices  are  narrow  however;  for  exsmpb,  the  width  of  the  naceae  and  Its  cross  sectional  shape,  and  also  the  afterbody  huglh  and  shape. 
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an  important  aerodynamic  parameters  but,  these  are  essentially  fixed  by  the  retracted  position  of  the  main  landing  gear  wheels,  and  the 
mode  of  efflux  of  the  engine  exhaust  The  nacelle  shape  which  evokes  Is  usually  somewhat  functional,  and  may  not  represent  the  most 
efficient  aerodynamic  form,  particularly  in  the  vicinity  of  the  wing,  where  interference  flows  are  high,  and  separations  are  likely  to  occur. 

Wing-nacelle  interference  and  design  has  been  the  subject  of  s  large  amount  of  aerodynamic  research  and  some  of  the  more 
interesting  and  relevant  conduciom  have  been  summarised  hi  References  1  to  10. 

Early  investigations  on  the  subject  showed  that  the  measured  drag  of  the  wing-naceSe  combination  was  considerably  higher 
than  the  drag  of  the  isolated  wing,  and  that  Eft  and  Eft  dktribution  was  also  different,  with  a  lift  lorn  occurring  over  the  nacelle.  Assess 
meat  of  complete  aircraft  configurations  showed  that  for  twin  engined  aircraft,  the  total  nacelle  drag  could  represent  a  large  fraction  of 
the  total,  ft  was  these  drag  increments  therefore,  which  were  of  concern  to  aircraft  designers,  and  any  improvements  which  might  be 
gained,  would  be  of  significant  benefit  in  the  improvement  of  total  aerodynamic  efficiency. 

The  drag  increment  resulting  from  the  addition  of  a  nacelle  to  a  wing  is  attributed  to  two  main  causes:  the  first  results  in  an 
increase  of  overall  induced  drag  due  to  the  loas  of  lift  Part  of  this  increase  is  also  due  to  a  reduced  wing  efficiency  resulting  from  the 
non-uniform  spanwiee  lift  distribution  over  the  nacelle.  These  distributions  also  result  in  the  shedding  of  Wreamwiee  vortkky  at  the 
junction,  which  induces  a  non-uniform  distribution  of  down  wash  along  the  wing  span.  These  effects  are  different  (or  different  nacelle 
vertical  locations.  Hie  centrally -mounted  nacelle  has  the  smallest  drag  increment.  The  undenriuug  nacelle  results  in  a  larger  lorn  of  Eft 
and  higher  induced  drag  increment  however,  these  can  be  alleviated  by  adjustments  to  the  wing  and  afterbody  length.  The  effects  of 
engine  nacelle  vertical  placement  on  nacelle  drag  me  shown  in  Figure  1. 

A  second  type  of  interference  drag  wises  in  the  expanding  corners  of  the  nacelle-wing  junction  near  the  wing  trailing  edge. 
Experience  has  shown  that  if  the  nacefle  terminates  at  or  before  the  trailing  edge,  separation  is  likely,  with  a  resulting  increase  in  drag. 
This  type  of  flow  is  particularly  severe  with  the  undenlung  nacelle,  as  Figure  2(a)  shows,  but  can  be  avoided  by  extending  the  nacelle 
beyond  the  wing,  or  by  expanding  the  mid -section  contours  near  the  trailing  edge,  thus  showing  the  development  of  a  steady,  more 
gradual  type  of  separation. 

The  significant  regions  of  the  wing-nacelle  configuration  where  aerodynamic  flows  are  important  are  the  nose  portion,  partic¬ 
ularly  where  the  nacelle  merges  with  the  wing;  the  mid-section  where  interference  velocities  are  high,  and  viscous  separations  are  Ekeiy 
to  occur;  and  the  afterbody,  from  which  steady  three-dimensional  separations  should  originate.  The  main  physical  parameters  which 
affect  the  overall  wing  nacelle  performance  have  been  found  to  be: 


1.  wing  vertical  location, 

2.  position  of  nacelle  maximum  thickness,  and 

3.  afterbody  length  behind  the  wing  trailing  edge. 

To  a  lesser  extent,  nacelle  cross-sectional  shape  is  also  important,  particularly  on  the  upper  shoulder,  just  ahead  of  the  wing  leading  edge 
junction  (for  high  wing  configurations). 

If  turbulent  breakdown  in  the  expanding  comer  is  avoided  by  extending  the  afterbody  rearward,  the  reparation  tends  to  be 
more  gradual,  and  takes  place  along  lines  of  confluence  which  fix  the  point  of  departure  of  the  surface  flows.  Lines  of  confluence  are 
defined  as  straamwire  edges  (virtual  or  fixed)  along  which  fluids  of  differing  velocities  and  flow  direction  meet.  They  are  natural  origins 
for  vortex  sheets  and  are  a  desirable  element  of  flow  detachment  from  slender  straamwire  configurations.  The  sketch  (below)  shows 
possible  Hues  of  confluence  along  the  afterbody  of  a  nacelle.  Thk  type  of  flow  reparation  it  the  mechanism  whereby  the  abrupt  span  wire 
lift  gradients  produce  the  required  wing-body  vortices,  ft  results  in  further  vortex  shedding  but  is,  however,  a  satisfactory  alternative  to 
complete  reparation.  In  this  regard,  ako,  cross  section  shape  k  important;  a  sharp  edge  would  act  as  a  natural  line  of  confluence. 
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The  importance  of  the  efficiency  of 
nacelle  design  on  the  overall  drag  and  perform¬ 
ance  of  an  actual  aircraft  was  illustrated  graphi¬ 
cally  in  the  wartime  research  and  development 
of  tile  Doughs  A26  attack  bomber.  Hik  aircraft, 
one  of  the  moat  successful  of  its  type  in  World 
War  II,  and  still  flying  today  in  the  fire-bombing 
role,  was  initially  troubled  by  poor  performance 
as  a  result  of  unacceptably  high  nacelle  drag. 
Investigation  revealed  that  the  two  engine 
nacelles  contributed  over  90%  to  the  total 
airplane  drag.  Thk  drag  was  compoeed  of 
cooling  flow  momentum  loss,  and  drag  due  to 
the  external  contour.  Of  this  latter  drag,  75% 
wre  due  to  flow  over  the  mid-  end  aft-portiona 
of  the  nacefle,  and  36%  due  to  the  flow  over  the 
engine  cowling,  fly  making  suitable  changes  to 
the  cowling  contours,  and  by  adjusting  the  ahape 
and  exiting  cooling  flow  over  the  afterbody,  the 
nacefle  drag  was  reduced,  with  a  corresponding 
mere—  in  aerodynamic  channels  (Ref.  11). 

The  method  used  to  asasm  the  drag 
increments  of  the  A-26  nacelles  was  a  pitot  rake, 
positioned  downstream  of  the  nacefle  afterbody, 
which  rotated  about  the  nacefle  reference  the. 
The  local  drag  coaffkhnta  to  determined  were 
found  to  be  aanaitive  to  the  separation  which 
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WING-BODY  INTERFERENCE 
Dr«f  and  Vortex  Waks 
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Tha  physical  nature  of  the  iaviscid  intesfevanoa  batmen  a  wing  and  a  tutelage  or  naccBe  pioducae  alteration*  in  the  force* 
(i.e.  lift  ami  drag),  tha  presni ra  distribution,  and  tha  flow  in  tha  wake.  Although  the  change*  in  lift  may  be  small,  the  intrane  in  drag 
can  be  significant  and  where  nacelles  are  present  and  may  account  for  a  significant  fraction  of  the  total  airplane  drag. 

The  main  mvtecid  interference  effect*  on  the  wing  have  been  shown  to  result  in  a  slight  decrease  in  lift  over  the  centre  section 
due  to  the  reaction  of  the  wing  vortex  system  with  the  body,  and  a  further  iocreare  in  induced  drag  as  a  result  of  the  abrupt  changes  in 
lift  distribution  across  the  span.  The  influence  of  the  body  may  ako  extend  outwards  along  the  span  of  the  wing,  resulting  in  further 
small  changes  in  lift  and  drag,  due  to  the  flow  displacement  effects  of  the  wing  thickness  and  fuselage  volume. 

The  body  (nominally  a  non-lifting  system)  will  also  experience  nvkckl  interference  effects  which  produce  both  lift  and  drag 
forces;  and  are  due  to  an  effective  incidence  change  on  both  fore  and  aft  region*  resulting  from  the  induced  upwaah  and  downwasb  field 
of  the  wing.  Incremental  premure  force*  wifi  also  be  present  on  the  body  at  a  result  of  its  own  died  vortkity,  which  has  been  carried 
over  from  the  wing. 

In  ail  of  these  interactions,  which  are  the  mote  prominent  in  the  junction  itself,  viscous  flows  are  present  in  the  form  of 
skewed  boundary  layers  on  the  body  and  three-dimensional  attachment  and  separation  regions  in  tha  junction  and  elsewhere.  These 
viscous  separations  appear  as  concentrations  of  vortkity  whkh  stream  downwind  and  make  their  own  contribution  to  induced  drag. 

The  alterations  of  lift  and  Bit  distribution,  and  the  resulting  induced  drag  are  reflected,  in  damkal  in  viscid  vortex  rood  eh,  by 
distributions  of  lift  which  are  considerably  different  from,  for  example,  the  eUiptically  loaded  wing. 

The  wake  which,  at  a  Later  stage,  rolls  up  to  form  trailing  vortices,  is  an  essential  element  of  the  entire  flow;  vortices  will 
therefore  be  present  even  in  an  in  viscid  flow.  Clsssksl  theory  — umes  that  vortex  abates  representing  the  wing,  or  combinations  of  s 
wing  and  body,  extends  into  the  wake  long  dktances  downwind  of  the  configuration,  to  the  so-caled  Treffts  plane,  and  that  tbs  down- 
wash  resulting  from  this  wake  depends  on  the  strength  of  the  vortkity,  and  Ha  distribution.  Minimum  drag  for  a  given  Hft  occurs  when 
the  wake  vortex  system,  whkh  has  its  own  downward  motion,  moves  without  deformation,  thus  preserving  the  original  shape  of  the 
crow  eoctional  flow  as  it  left  the  lifting  system.  Thus  the  monoplane  wing  of  minimum  induced  drag  will  have  a  drag  polar  of  the  form 
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and  a  distribution  of  vortkity  which  is  anti-symmetric  and  concentrated  btavfty  near  tha  wing  tips. 

The  addition  of  a  body  changre  both  the  downwatei  diteributkxt  and  the  drag  polar. 
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and  tha  inducad  drag  it  mada  aomewhat  higher  by  tha  addition  of  a  wing  at  mid-baigbt. 

Mo  ring  tha  wing  to  tha  shoulder  or  high  poeition  changaa  both  tha  apanwiaa  load,  and  tha  drag,  aa  ahown  by  Tapper  in  Refer¬ 
ence  14.  Figure  3  shorn,  for  tha  monoplane  wing,  and  tha  wing  body,  with  tha  wing  at  add  and  high  poahloaa.  tha  thaoaatical  drag 
pain  for  rainhnura  inducad  dreg,  and  two  tha  apanw iaa  load  dietrlbutiaae.  Tha  main  different*  batwaaa  tha  mid  and  Ugh  wing  loca¬ 
tion  rearm  tobaa  mnal  hi  tha  dgn  of  tha  body  Hft,  and  banco  tha  ahad  sorticity  at  tha  junction.  Tha  aoatax  ahaata  w«  roll  up 
eventually  to  form  concantratad  vortex  com  aa  ahown.  Figure  4  abowi  experimental  apanwiaa  hit  diatribubom  of  winga  on  a  cylin¬ 
drical  furelaga  (Ref.  5). 

A  ureful  concept  ia  the  momentum  atmamtube  (aaa  afcatch).  Thai  ia  an  MeaUaatioa  which  mpiti  that  tha  traifiag  vortex 
wda  mid  Ita  circulating  flowi  are  contained  within  a  deaceoding  cyfindrtcai  tuba  which  atraama  downwind  of  tha  aircraft,  and  which 
contain  ail  of  tha  momentum  maociated  with  the  production  of  1ft.  Tbua  for  an  aircraft  dying  at  ratochy  V,  tha  Hft  it 
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whan  W„  h  tha  bulk  or  arrrapa  downward  motion  of  tha  wake  aa  a  whole,  and  S„  it  the  cmre  aactinnal  area  of  tha  momentum  etream- 
tuba,  for  tha  monoplane  wing,  or  for  rarioue  wing-body  configuration,  in  which  the  Tartar  dwelt  have  not  ralad  ap;  tha  addition  of  a 
body  rata!  ta  in  a  dirainiahad  atreamtuba,  and  lam  lift  for  a  gtvan  down  wadi.  Tha  clamical  Bow  modah  hare  maumad  that  tha  fuaalaga  or 
afterbody  it  iaftaitaly  long,  and  ratable  ita  tafluenca  tor  aver,  ta  (net  flow  w«l  mpacate  from  the  after  body  b  tha  form  of  oblique 
roBad-up  rortax  ahaata  which,  b  an  bviecid  flow  mmt  occur  along  phydeal  or  riecooa  hum  of  confluence  at  anted  it  Sketch  (I).  p# 
raauitirq  wage  modal  which  mud  now  npraaant  the  mrodynantic  flow  from  tha  wing  body  conflguntion  w»  ham  to  mdada  floe 
rortiem  which  have  been  ahad  from  the  afterbody,  and  perhapa  afao  other  raglooa  of  tha  ahftama.  b  thia  regard,  aomt  of  tha  purely 
vbcom  flow*,  aweb  a  them  ta  tha  under  wing  junction  could  bo  looked  on  m  free  rortax  aaparatiom  which  eomprha  aa  oqurvahat 
invbcid  flow  modal  Tha  rank  of  thia  altered  dtatribution  and  formation  of  waba  rortieity  wll  affect  not  oaty  lift  end  drag,  but  afao 
tha  ■treomtube  gee  and  motion  and  tha  concept  of  minimum  inducad  dreg. 


cod  drag,  with  rortax 
I  theory  without  any 


The  man  raautta  of  wing  body  taWrtrronw  have  boon  ahown  to  ba  related  to  chaagm  b  hft  and  i 
,  originating  over  the  central  portion.  Soma  of  them  charecWrhtke  can  ba  aatimatad  uatag  cbmicai  r 
lad  bnowiadpa  of  what  ta  occurring  at  tha  wing-body  junction  Keetf.  Local  flow*  b  tha  jonction  mo 


frequently  lead  to  overall  effects  such  a*  separation,  which  further  increase  drag.  Even  where  disorganized  separation  does  not  occur, 
three-dimensional  boundary  layer  separation  does,  with  shedding  of  additional  stream  wise  vortices. 

Since  the  interference  flows  are  always  greatest  in  the  junction  between  the  wing  and  the  body,  the  shaping  of  the  intersection 
is  important,  and  frequently  results  in  elaborate  ftBets  or  contours  which  are  meant  to  produce  not  only  smooth  flow,  but  abo  mini¬ 
mum  premure  drag. 

The  main  aerodynamic  effects  of  wing-body  interference  at  the  junction  can  be  divided  into  four  main  areas  according  to 
Reference  15. 

(a)  Displacement  Effects 

The  displacement  affect  of  wing-body  interference  has  been  shown  to  produce  marked  changes  to  the  stream  wise  velocity 
distribution  at  the  junction;  them  induced  velocities  result  from  the  finite  thickness  of  the  wing,  and  the  compound  curvature 
of  the  intersection  Une.  A  symmetrical  wing  section  at  mid -height  on  a  cylindrical  body  produces,  along  the  junction,  sym¬ 
metrical  velocity  distribution*,  and  results  in  no  net  lift  on  the  combination.  A  similar,  but  asymmetric  displacement  effect 
occurs  when  the  wing  is  set  at  an  incidence  relative  to  the  body.  In  this  cam,  a  lift  increment  results  which  is  related  only  to 
the  asymmetry  of  the  junction  flows. 

If  the  wing  is  lifted  to  the  shoulder  or  high-wing  location,  the  Intersection  fines  are  no  longer  symmetrical  with  respect  to  the 
cylinder.  The  resulting  velocity  distributions  will  also  be  ^symmetric,  and  the  wing-body  junctions  wiD  thus  generate  lift,  with 
the  appropriate  vorticity  shed  downstream. 

(b>  Lifting  Effects 

The  lifting  effects  of  wing-body  interference  m  it  alters  total  lift  and  lift  distribution  is  fairly  well  described  by  lifting  line 
theory  and  its  extensions.  In  addition  to  them  changes,  however,  velocity  increments  will  also  be  induced  along  the  junction 
intersection  tines  due  to  the  vorticity  distributions  on  both  the  wing  and  the  body. 

The  placement  of  a  lifting  wing  on  a  cylindrical  body  set  at  zero  incidence,  for  example,  produces  alterations  In  the  wing 
spanwwe  vorticity  and  a  continuation  of  this  vorticity  over  the  body  width.  Thus  velocity  increments  are  produced  on  both 
the  wing  and  the  body  as  a  result  of  their  proximity. 

Detailed  calculations  of  such  flows  are  discussed  in  References  15,  16  and  17  and  these  indicate  that  both  chord wim  and 
spanwim  load  distribution,  and  hence  local  velocities  are  changed  considerably  in  the  vicinity  of  the  junction  and  beyond. 
This  requires  that,  for  the  isolated  wing  loading  to  be  maintained  everywhere,  the  wing  must  be  cambered  and  twisted.  This 
type  of  wing  warping  la  also  alluded  toby  Hoemer  (Ref.  3)  and  Reference  1,  in  relation  to  the  induced  drag  of  underslung 
nacelles.  By  adjusting  the  local  wing  loading  at  the  nacelle  location  using  s  trailing  edge  flap,  the  lift  increment  of  the  config¬ 
uration  may  be  to  zero  with  a  corresponding  reduction  of  induced  drag. 

If  the  body  is  also  lifting,  and  the  carry-over  of  vorticity  from  the  wing  implies  this;  then  there  will  be  a  further  interaction 
at  the  wing.  If  there  is  body  incidence,  then  the  resulting  upwash  at  the  wing  wiD  incream  the  loading  generally,  with  corres¬ 
ponding  mere  me*  in  the  velocity  increment*  in  the  junction. 

(c)  Noe-Symmetrical  Wing  Locations 

Urn  overall  ihangm  to  lift  mid  drag  when  the  whig  is  lifted  from  mid-  to  shoulder  height  on  a  cylindrical  body  can  be  seen  in 
the  drag  polar*  of  Figures  3  and  4.  Hie  flow  at  the  junction,  due  to  both  displacement  and  lift  effects  is  also  altered  consid¬ 
erably.  The  displacement  flows  are  now  asymmetric,  and  result  in  lift,  independent  of  incidence  (Ref.  15). 

Induced  velocity  increments  due  to  lift  are  abo  changed  in  character  when  the  wing  »  off-centre.  The  wing  vorticity  is  carried 
over  on  to  the  body  and  within  it  in  a  much  more  complex  way;  the  resulting  velocity  increments,  for  example,  in  the  under- 
wing  junction,  are  in  the  pwssnl  state  of  the  art,  of  uncertain  magnitude  and  accuracy  (Ref.  15). 

Measurement  of  wing  lift  distributions,  such  as  thorn  indicated  by  Figure  4  suggests  that  there  are  largi  concentrations  of 
pressure  new  the  wing  toeding  edge  junction.  Figure  5  taken  from  Reference  8  shows  premure  isobars  on  the  upper  surface  of 
a  high-whig  body  configuration  st  an  angle  of  attack  of  3.5°.  The  concentration  of  isobars  near  Am  leading  odgs  junction 
indicates  a  local  change  of  both  lift  and  leading  edge  auction. 

(d)  Yiecons  Effects 

The  viscous  flows  result  la  a  gradual  development  of  three-dimensional  boundary  layers  on  the  nacelle  and  wing.  Boundmy 
layer  separation  ocean  along  ofahqae  reparation  fines  in  the  Junction  and  elm  whew,  with  trailing  vortices  shed  downstream. 
Thant  flows  an  particularly  prominent  on  the  nacelle,  which  has  a  abort  after  body. 

The  asssmment  of  viscous  affects  me  mainly  undeveloped,  but  are  rn usidersd  to  ha  of  equal  (if  not  of  more)  imporf  re  In 
contributing  to  wing-body  interference.  Whereas  Kit  interference  ran  be  calculated  fairly  accurately  voader  soes*  conditions, 
drag  interference  cannot  be,  sad  an  impaction  of  any  of  the  vinous  flows  which  appear  in  the  wing-body  junctions  or  rim- 
where  shows  why  (Fig.  13). 

The  complexity  of  them  flows  pwdndre  any  accurate  estimate  of  drag,  however,  the  existence  of  steady  roiled -up  vertex 
sheets  suggmU  that  it  may  be  attributable  to  induced  effects.  It  is  abo  noteworthy  that  the  surface  sham  stress  pstlaw  (m 
in  Fig.  34)  of  the  viscous  attach mont  rations  in  the  junction  and  tit  of  the  traWng  edge,  bear  a  memblTi  to  a  soutee4fct 
flow  la  which  momentum  is  related  to  dreg.  Thus  vbeoue  loam  artdng  from  junction  flows  mitf*  be  rnirinsd  within  a 
stream  tube  whom  dfamnrions  roughly  stomp—  tbs  fetetio— I  rimer  —am  mgtona  m  srtimated  from  mrfece  ohamreUous 
and  would  be  related  the  vortex  flows  wbbia  them 


a)  JUNCTION  SEPARATIONS 
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The  nature  and  complexity  of  the  Tiacous  ae  para  do  ns  atom  the  winy-body  junction  were  alao  inrestigated  in  the  NAE  water 
tunnel  uain(  models  which  an  typical  of  current  nacelle  deaths.  There  flowa  are  ahown  in  Figure  6  and  although  at  a  vary  low  Reynolds 
number,  they  correspond  eery  closely  with  larger  scale  teats,  and  demonstrate  the  complex  nature  of  the  eiacoua  eft acts  near  the  wing 
root  leading  edge. 


Propulsive  Effects 

An  important  element  of  the  flow  over  the  wing-nacelle  conflguratiott  relates  to  the  propuUre  stream  tube  produced  by  a 
propeller.  The  slipstream  is  composed  of  mainly  axial  and  rotational  fluid  motion  induced  by  a  helical  vortex  system  which  leases  the 
blades,  and  interacts  with  the  wing  and  body.  This  interaction  produces  further  changes  in  lift  end  drag,  and  is  an  amentia!  design  fea¬ 
ture  of  aircraft  designed  for  the  STOL  mode.  Its  effect  b  farourabie  in  that  it  tsaulta  in  an  altered  span  load  distribution,  reduced 
induced  drag,  and  a  favourable  environment  for  the  wing  boundary  layer  outside  the  afipstraam. 


The  aerodynamic  loading  on  both  the  wing  and  the  body,  wfll  ebo  change,  as  will  the  junction  flows  end  also  the  configura¬ 
tion  of  the  wake  vortex  sheets.  The  propeller  slipstream,  initially  cylindrical,  will  undergo  considerable  deformation,  particularly  on  the 
under  aide  of  the  wing,  and  will  gradually  merge  with  the  wake  vortex  system  of  the  nacelle.  The  flow  downwind  of  the  wing-needle 
will  therefore  be  compoeed  of  both  propub ive  and  vortical  elements. 

The  propeller  slipstream,  particularly  the  flow  rotation  component,  sriU  ham  s  major  effect  on  the  flow  and  pleasure  distri¬ 
bution  at  the  wist  leading  edgajunctioa  and  the  concentration  of  rarticity  which  normally  appears  on  a  high-whig  configuration  (Fig.  6) 
will  ha  enhanced  on  the  up-going  blade  side,  due  to  the  local  incream  of  incidence,  end  reduced  on  the  down-going  blade  aide,  resulting 
in  an  oeerall  increase  of  leading  edge  suction,  and  an  asymmetric  distribution  of  p rearers.  If  LEX  are  installed,  with  eortsx  sspemtioos 
leaving  the  streamwbe  edges,  than  slipstream  rotation  may  produce  an  asymmetric  three-dimensional  separation  with  free  vortkes  of 
unequal  strength  streaming  downwind. 

The  deaip  of  leading  edge  extensions  for  propeOer-drireo  aircraft  must  conciliate  the  confllctieg  requirements  at  the  leading 
edge  for  smooth  flow  and  tha  development  of  maxuenm  section  in  the  cruim  and  chmb  mode,  with  steady  mparated  flow  and  vortex- 
induced  lift  during  the  landing  approach. 

The  orerafl  effect  of  a  propoblra  flow  on  a  wing  or  wing  body  can  be  eaaaaaad  by  the  nae  of  a  dm  pie  two  lire  am  momentum 
model  as  deecrihed  hi  Reference  IS.  In  thb  MeaAutiaw,  past  of  the  lit  and  all  of  the  thmtt  b  dartred  hy  deflecting  and  anartfiiag  a 
stismntube  of  ah  which  p^es  through  tha  ptopublon  sysSam.  Tha  fl  Ob  in  of  Urn  ift  b  generated  by  a  wing  or  wing-body  which  b 
considered  to  deflect  downward,  a  second  atreaatnbe.  The  sketch  shown  Mow  b  the  rector  dbgran  of  the  two  stream  model. 
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The  vector  OA  is  the  approaching  stieamtube  momentum  of  magni- 
»A 

tude  —  .  If  the  wing  or  wing-body  is  unpowered,  then  the  flow  leaves  the 

wing  at  downwash  angle  e.  If  power  is  applied  over  part  of  the  wing,  it  is 

KvA 

aauimed  that  a  certain  fraction  of  the  department  momentum  -  -  —  leaves  the 

sA  " 

wing  at  angle  6,  while  the  remainder  (1  -  K)  -  leaves  at  angle  e,  Thus  the 
effective  span  of  the  powered  lift  stieamtube  is  proportional  to 

The  vector  Fw  is  the  resultant  force  acting  on  the  airframe,  having 
components  CLw  and  C|>w.  If  the  wing  is  immersed  in  a  propeller  slipstream, 
then  the  rotational  components  of  the  propulsive  flow  may  enhance  the  leading 
edge  suction  on  either  side  of  the  nacelle,  resulting  in  a  thrust  or  reduction  of 

induced  drag.  The  vector  (1  ~  cos  9)  is  that  fraction  of  nacelle  induced 

drag  which  is  recovered  at  the  leading  edge. 


Lift  and  drag  coefficients  (for  small  angles)  are: 


This  leads  to  a  drag  polar  of  the  form: 

(1  -  K)  +  K(1  -  R) 


c°-  -  Cf)  •  k"-i,i(*)] 

(5) 
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and  wing  efficiency  factor  is: 


[(l-K)-K  2 

[u  :  K)  »  K  *  j  ‘ 
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(7) 


(1  -  K)  +  K(1  -  R)  (jY 

Figure  7  shows  e  plotted  against  the  ratio  for  values  of  ^  --j  of  2,  corresponding  to  a  positive  nacelle  lift  increment, 

and  0.5,  corresponding  to  a  negative  nacalle  lift  increment.  The  affect  of  a  10%  recovery  of  leading  edge  thrust  m  also  diown 

Theae  nsulta  show  that  when  the  combination  of  propulsive  and  interference  effects  an  distributed  uniformly  across  the 
span,  (  *  -  1^  ,  then  wing  efficiency  factor  is  a  maximum,  and  equal  to  unity.  If  the  angles  differ  markedly,  then  e  decieaees.  end  as 

Figure  7(b)  shows,  reaches  a  minimum  when  the  spanwin  disturbance  coven  about  60%  of  the  span.  It  appears,  therefore,  for  high  wing 
efficiency  factors,  that  any  spanwin  dlaturbancea  should  cover  either  a  very  small  portion  of  the  wing  span,  or  every  large  portion.  In 
this  regard,  the  negative  lift  increments  produced  by  the  presence  of  an  un powered  nacelle  result  in  t  lower  lorn  of  whig  efficiency  than 
positive  increments  produced  by  powered  lift.  The  effect  of  a  leading  edge  thrust  recovery  factor  R  results  In  an  increan  of  wing 
efficiency  factor  in  both  cant. 

The  two-stream  flow  model  has  assumed  that  al  of  the  momentum  associated  with  both  prapnWve  and  wing-body  interactive 
effects  are  contained  within  the  propulsive  streamtube.  Viscous  effects,  which  are  also  encompassed  within  this  region  contribute  in 
directly  in  that  they  represent  a  portion  of  the  flow  which  may  be  deflected  with  the  general  flow  over  the  nacelle.  They  am,  however, 
non-productive,  resulting  in  a  lore  of  momentum,  end,  specifically  a  lorn  of  hading  edge  suction  at  the  wingnecefc  Junction. 

WIND  TUNNEL  MODELS 

The  carries  were  mounted  in  the  underwing  position  on  a  rectangular  planfotm  reflection  plane  modal.  The  wing  airfoil  was 
the  NACA  0015  end  had  an  equivalent  aspect  ratio  of  6.58,  Figure  8  h  •  general  arrangement  showing  the  batic  direentione.  The  model 
was  attached  to  the  wind  tunnel  balance  for  the  purpose  of  measuring  6ft  end  drag. 

The  bask  proportions  of  the  a  scales,  relative  to  the  wing  chord,  wen  chosen  to  be  staler  to  those  under  consideration  for 
commuter  aircraft  detin  studies.  Two  basic  thickness  distributions  and  craafreections  were  chosen.  The  flat  (N-l)  was  breed  on  the 
NACA  standard  body  as  described  hi  Reference  8.  A  aviation  of  this  form,  with  the  maximum  thickness  pushed  back  to  90%  of  wing 
chord,  was  tested  tinea  the  data  of  Reference  1  indicated  a  fevonahle  resuR  when  maxhnem  thickness  h  does  to  the  wing  traiBng  edge. 
The  afterbody  terminated  0.55  wing  chords  behind  the  tnihng  edge  in  en  oghni  contour. 


Th«  second  model  (N-2)  was  eOiptkd  ia  cross  srctioo  and  of  more  deader  configuration.  The  foie  and  aft  body  lengtla 
extend  \2  and  0.8  wing  chorda  beyond  thawing  leading  and  trading  edge*;  the  after  body  terminated  in  a  vortical  trailing  edge.  Figure  8 
thowa  the  back  form  of  the  two  nacelles  with  relevant  dfenenreons  noted.  On  nacelle  N-2,  leading  edge  extensions  (LEX)  ware  fitted  in 
order  to  encourage  the  formation  of  vortices  over  the  top  of  the  wing. 


WIND  TUNNEL  TEST  PROGRAM 
Balance  Data 


Force  measurements  were  made  at  a  tunnel  dynamic  pressure  of  40  psf  (Re  -  1 .2  X  10*).  The  mode)  was  routed  through  an 
angular  range  which  brought  the  wing  beyond  stall,  with  lift,  drag  and  moment  recorded. 

Lift  and  drag  coefficient*  for  the  two  configurations,  including  the  isolated  wing  are  presented  in  Figures  9(a)  and  9(b).  The 
main  effect  of  adding  a  nacelle  is  to  decrease  CL[nxx  and  stalling  angle.  The  lift  and  drag  characteristics  for  the  wolated  wing  in  the 
linear  range  of  lift  implies  a  wing  efficiency  factor  e  -  0.75.  The  addition  of  a  nacelle  decreases  e  slightly,  to  ■  value  of  0.6.  Figure  10 
shows,  for  nacelle  N-3,  the  effects  of  adding  the  LEX,  on  maximum  lift,  and  drag.  There  is  evidently  an  increase  in  lift  and  a  small 
increare  in  lift  slope  due  to  the  presence  of  free  vortices  shed  from  the  LEX.  This  is  accompanied  by  a  decrease  in  L/D  at  angles  greeter 
than  10  degrees. 

Model  pitching  moments  are  also  changed  by  the  presence  of  a  nacelle  as  seen  in  Figures  9  and  10.  With  the  short  nacelle 
(N-l)  the  pitching  moment  deaUbthxing  (note  up);  however  Cm  reveries  sign  over  the  a  range  from  4  to  14  degrees  on  the  slender 
nacelle  (N-2).  The  addition  of  leading  edge  extensions  on  nacelle  N-2  reverses  the  sign  of  the  pitching  moment  from  note  down  to  noee 


up. 

Flow  Visualization 

The  medium  for  flow  visualization  was  Titanium  Dioxide  suspended  in  a  light  machine  oil.  When  illuminated  by  a  strong 
light  source,  the  TjO?  gave  off  a  brilliant  reflection,  and  the  properties  of  the  suspension  were  such  that  spreading  took  place  in  the 
form  of  stream  wise  ligaments  when  eapoeed  to  the  frictional  layer  on  the  model  surfaces. 

Water  tunnel  flow  visualization  was  done  at  very  low  Reynolds  number  using  coherent  filaments  of  Flouraacien,  a  commercial 
dye.  In  some  instances  at  higher  Reynolds  number,  a  suspension  of  Aluminum  particles  enabled  vortex  flow  fields  to  be  vwiattaed. 

Downwind  Flow  Surveys  —  Powered  Models 

Downwind  flow  surveys  using  pitot  tubes,  or  five-hole  yawmeters  were  made  behind  two  powered  wing  nacelle  models.  The 
first  was  s  powered  version  of  nacelle  N-2  (Fig.  6);  the  power  effects  resuited  in  both  axial  and  rotational  velocity  components  over  the 
nacelle  and  wing. 

More  extensive  measurements  (i.e.  velocities,  total  premure,  flow  direction)  using  five-hole  probes  were  made  behind  a  large- 
scale  powered  wing-nacelle  model  which  was  under  investigation  by  DeHavilland  Canada.  The  proportions  of  this  model  were,  in  general, 
similar  to  nacelle  N-2. 

The  purpose  of  there  flow  surveys  was  to  locate  localized  regions  of  separation,  and  centres  of  vortex  activity;  and  also  to 
explore  the  deformed  slipstream  downwind  of  the  model. 

Classification  of  Three- Dimensional  Viscous  Flows 

Three-dimensional  viacous  flows,  such  as  those  depicted  by  the  photographs  of  surface  streamlines  shown  in  this  paper, 
appear  to  be  of  a  very  complex  nature,  at  they  reflect  the  combined  action  of  skewed,  separating  boundary  byeva,  and  the  action  of 
rolled  up  vortex  sheets  tying  Just  above  the  surface.  TTteee  apparent  complexities,  however,  can  be  separated  into  vrekms  combinations 
of  relatively  few  simple  angular  flows,  which  act  on  the  wetted  surfaces,  and  retisfactoriy  describe  the  action  of  viscous  separations  and 
attachment.  The  anatomy  of  these  singular  flows  has  been  thoroughly  described  in  References  19  and  20.  They  are  man  to  occur  regu¬ 
larly  in  the  skin  friction  patterns  of  afl  three-dimensional  attached  and  repented  viacous  flows,  and  are  related  either  to  rations  of 
attachmentor  of  separation  on  the  body.  They  are  rl ratified  schematically,  as  in  Figure  11. 

The  nodal  point  of  attachment  is  shown  b  Figure  11(a)  -  the  oncoming  flow  impingas  on  the  non  of  tire  body  at  a  tingb 
point,  and  the  surface  streamlines  radiate  outward  aid  rearward  toward  the  leeward  side. 

If  two  adjacent  nodes  of  attachment  occur,  re  on  the  blunt  surface  of  a  windshield  the  streamlines  divide  between  them  and 
are  redirected,  by  means  of  a  saddle  point,  on  either  tide  of  the  fine  of  symmetry. 

If  the  onset  flow  impiagss  obttquety  on  ■  slender  configuration,  or  along  intersecting  surfaces,  then  attachment  ■  not  at  a 
■ingle  point  or  node,  hut  along  an  oblique  lfcie  of  attachment.  Thb  type  of  flow  can  bs  seen  slang  the  windward  surface  of  the  nacafle 
(Fig.  19)  or  along  the  under  wing  junctions.  Surface  fluid  always  flows  sway  from  an  oblique  Ine  of  attachment  toward  separation 
tinea,  or  the  general  flow. 

Figure  11(d)  and  (a)  shows  various  repack  of  thwndtaeaneional  separation.  Figure  Ska  nodal  point  of  separation  which 
would  permit  closure  of  the  streamlines  to  m  ideal  flow.  This  does  not  occur  in  practice,  as  other  modes  of  separation  occur  on  tbs  aft 
portions  of  a  body. 

The  focus  of  separation,  (Fig.  11(d))  b  chanctortosd  as  a  surface  flow  in  which  the  straanUnas  fltiral  toward  toward  a  clearly 
defined  centra.  A  forte*  core  tires  from  this  centra,  and  streams  downwind.  The  flow  si  the  spiral  focus  ban  ham  interpreted  (Ref.  19) 
as  the  termination  point  of  bound  vortkity  whkh  bares  tire  surface  to  a  tingb  concentrated  filament.  The  +kd  foci  are  dearly  evident 
on  tbs  wing-nacelle  modeb  when  separation  occurs  (Fig.  26)  and  on  the  windward  side  of  •  leading  edge  tinhe  (Fig.  17).  There  flow, 
are  considered  to  be  undasMMe  tines  they  laud  to  detach  randorely  from  the  snrfacs  and  are  aasocbtad  with  bntfetting  and  periodk 
Bo»  MpoMioa. 
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|  Figure  11(e)  shows  an  oblique  line  of  separation,  a  flow  which  is  characteristic  of  separation  from  slender  whiff  and  bodies. 

boundary  layer  fluid  approaches  the  line  of  confluence  from  both  sides,  and  separates  as  a  thin  sheet  which  roUa  up  above  it  if  the 
vertex  is  strong  enough,  the  surface  shear  stress  lines  may  exhibit  a  point  of  in  flexion  in  their  curvatures.  The  attachment  line  depicted 
in  Figure  1 1(e)  along  the  plane  of  symmetry  represents  the  pretence  of  fluid  which  has  been  brought  down  on  to  the  surface  as  a  result 
of  vortex  action. 

WING-NACELLE  VISCOUS  FLOW  SEPARATIONS 

This  section  presents  observations  on  the  main  characteristics  of  the  various  types  of  three-dimensional  flow  separations 
which  occurred  on  the  wing-nacelle  junction  region.  The  comments  are  supported  by  photographs  and  interpretation  of  the  surface 
shear  strew  patterns  in  the  context  of  the  elementary  viscous  singular  flows  described  before  The  interpretation  of  the  surface  flows 
and  their  synthesis  into  equivalent  vortex  flow  models  are  somewhat  subjective,  and,  at  Reference  21  points  out,  notoriously  ambiguous 
and  open  to  question.  Nevertheless,  it  is  hoped  that  a  clearer  understanding  of  the  steady  separated  vortex  flows  over  the  nacelle  will 
result,  and  that  this  work  may  be  useful  as  a  point  of  departure  for  a  more  complete  understanding  of  the  aerodynamic  flow  over  wing- 
nacelle  configurations. 

Attachment  Flows 

Regions  of  flow  attachment  are  shown  on  the  windward  portions  of  nacelle  N-2  at  an  angle  of  attack  of  21  degrees  (Fig.  12). 
In  this  flow,  the  node  of  attachment,  at  the  noee  of  the  spinner,  develops  into  an  oblique  line  of  attachment  along  the  ventral  surface 
of  the  nacelle,  and  from  which  fluid  flows  along  the  aides  of  the  nacelle,  toward  the  wing  junction  and  afterbody.  The  lateral  deflection 
of  the  flow  on  either  side  of  the  centreline,  particularly  at  the  noee  is  severe,  but  diminishes  over  the  mid -section  and  upswept  afterbody. 

Leading  Edge  Junction  —  No  LEX 

The  flow  near  the  leading  edge,  along  the  wing  root  junction,  as  depicted  in  the  water  tunnel  photographs  of  Figure  6,  re¬ 
presents  the  main  viscous  interaction  between  the  nacelle  and  the  wing.  As  these  illustrations  show,  for  a  normal  leading  edge,  the 
stagnation  region  between  the  wing  and  nacelle  produces  a  sudden  local  separation  which  has  resulted  in  a  horseshoe-type  vortex  which 
wraps  itself  around  the  wing  contour,  and  whose  trailing  arms  stream  downwind. 

The  surface  shear  stress  pattern  of  Figure  13  show,  at  a  Reynolds  number  of  1.2  X  106,  a  variety  of  viscous  reparation  and 
attachment  regions  which  are  concentrated  within  a  fairly  narrow  band  along  the  underside  of  the  wing.  Details  of  this  surface  flow 
for  nacelle  N-2  are  shown  for  angles  of  attack  of  0,8  and  16  degrees. 

On  the  bask  of  these  flow  patterns,  it  k  possible  to  identify  both  primary  and  secondary  oblique  separation  tinea,  nodes  of 
attachment  between  them,  and  oblique  lines  of  attachment  lying  along  the  sides  of  the  nacelle.  In  the  caee  of  a  *  16°,  it  k  also  possible 
to  identify  the  stagnation  streamline  which  separates  fluid  which  flows  over  the  top  of  the  wing,  from  that  which  traverses  the  length 
of  the  nacelle. 

A  schematic  interpretation  of  the  junction  flow  shows  the  probable  origin  and  behaviour  of  the  vortex  filaments  shed  from 
the  junction  (fig.  14).  Thk  vortex  appears  to  remain  coherent  underneath  the  wing,  but  k  apparently  embedded  in  the  boundary  layer 
flow  on  the  upper  surface  or,  since  there  k  little  reason  for  its  existence,  probably  din  out.  No  trace  of  it  was  discernible  on  the  nacelle 
afterbody.  The  secondary  vortex,  although  visible  in  the  underwing  junction,  has  apparently  merged  with  the  primary  vortex  on  the 
wing  upper  surface. 

Leading  Edge  Junction  with  Leading  Edge  Extensions  (LEX) 

In  tbe  normal  wing  junction  geometry,  the  wing  meets  the  nacelle  squarely,  the  only  relief  afforded  by  the  body  curvature 
on  the  upper  surface.  The  junction  vortex  is  thus  formed  abruptly  and  the  resulting  flow  k  as  that  shown  in  Figure  6(c).  In  order  to 
encourage  a  more  gradual  formation  in  the  vortex  and  to  change  the  stalling  characteristics  a  leading  edge  strake  or  extension  was  placed 
on  the  top  of  the  nacelle  ahead  of  the  wing  leading  edge.  Hie  strake  configuration  and  dimensions  are  shown  in  Figure  8. 

With  this  device  fitted,  free  vorticity  is  shed  along  tbe  streamwke  edges  as  flow  coming  up  from  the  ventral  attachment  tine 
separates  along  the  top  of  the  nacelle.  The  vortex  sheets  roll  up  above  the  wing,  producing  downwash  in  the  place  of  symmetry,  and 
increased  lift.  At  high  incidences,  there  vortices  become  part  of  tbe  separated,  but  steady  flow  on  tbe  wing  upper  surface. 

The  junction  vortex  system  which  originates  on  the  strike  windward  edge  exists,  but  exhibits  an  altered  behaviour.  The  flow 
J.  on  the  windward  side  of  tbe  strake,  upwind  of  tbe  stagnation  streamline,  leaves  the  swept  edge,  and  rolls  up  immediately  into  a  strong 

free  vortex  above  the  nacelle.  Flow  on  the  nacelle  upper  surface  also  flows  toward  this  separation  tine. 

•*  Flow  downwind  of  the  stapiation  streamline  k  directed  along  and  underneath  the  nacelle  as  before.  Between  these  two  flows, 

on  the  strake  itself,  k  a  region  of  thrte-d intentional  separation  and  attachment,  similar  to  tbe  normal  leading  edge  situation,  in  which 
surface  fluid  flows  along  the  underwing  junction  in  one  direction,  and  toward  the  swept  edge  of  the  strake  in  tbe  other,  a  prominent 
^  node  of  attachment  lies  at  the  wing-nacelle  junction.  A  primary  vortex  sheet  leaves  the  separation  tine  and,  on  the  underside  of  tbe 

wing,  gradually  develops  and  rolls  up  underneath  tbe  wing  as  before.  There  k  an  impression  that  the  junction  vortex  produced  this  way 
k  somewhat  weaker  than  its  normal  counterpart.  Tbe  flow  patterns,  especially  in  tbe  attachment  region  along  the  underwing  junction 
do  not  exhibit  •  particularly  strong  three-dimensional  effect  A  secondary  vortex  separation  h  also  present,  and  behaves  in  a  similar 
fashion  to  the  primary  flow. 

The  other  half  of  thk  horseshoe  vortex  it  directed  across  tbe  half -span  of  the  strake,  and  leaves  the  edg»  together  with  flow 
from  the  attachment  region,  to  roll  up  and  become  merged  with  tbe  flee  vortex  which  by  now  is  well  developed  above  tbe  nacelle 
surface. 


Tbe  development  of  the  stnke/vortex  flow  appeals  in  the  surface  shew 


Figure  16. 


strew  patterns  of  Figure  15  and  sc  hematic  ally  in 
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Then  appeals  to  be  two  ways  in  which  the  usderwing  fortes  can  develop.  If  the  strake  is  suitably  blended  into  the  wing- 
nacelle  junction,  then  the  pradual  aeparation  proceea  produces  the  attachment  region  on  the  windward  surface,  with  vortices  gradually 
d ere! oping  as  shown.  If  the  strake  is  not  properly  designed,  or  simply  consists  of  a  thin  plate  normal  to  the  nacelle  surface,  the  stagnant 
fluid  in  the  re-entrant  comer  appears  to  encourage  the  formation  of  a  spiral  focus,  which  acta  aa  the  origin  of  the  underwind  vortex 
(Fig.  17).  This  flow  situation  is  undesirable  because  of  iU  unsteady  nature. 

The  photographs  and  schematic  diagrams  of  Figures  15  and  16  show  the  two  possible  modes  of  flow  and  separation  with  the 
strake  fitted. 

Flow  on  the  Wing-Nacelle  Upper  Surface  —  No  L£X 

The  flow  on  the  upper  surface  of  the  nacelle  at  angles  below  stall  is  composed  mainly  of  fluid  which  has  left  the  ventral 
attachment  region,  flowed  around  the  sides  of  the  nacelle  and  along  the  top  of  the  wing.  In  addition,  there  are  narrow  regions  of  three- 
dimensional  flow  induced  by  each  junction  vortex  as  it  streams  over  the  top  of  the  wing.  The  behaviour  of  the  flow  on  the  wing/ nacelle 
upper  surface  is  critically  affected  by  angle  of  attack.  The  three-dimensional  effects  induced  by  the  junction  vortices  become  more 
prominent,  and  the  uiueparated  flow  between  them  »  subject  to  rapid  changes  in  velocity  as  judged  from  the  streamline  patterns  of 
Figure  18  for  nacelle  N-l. 

As  incidence  increases,  new  separation  lines  emerge,  cm  the  top  of  the  nacelle  at  the  wing  leading  edge.  These  evidently  result 
from  detachment  of  fluid  along  the  top  of  the  nacelle  which  does  not  enter  the  junction  separation  region.  Tbe  vortices  which  are  shed 
are  depicted  in  the  sketch  as  rotating  inward,  and  will  be  the  beginning  of  the  full-scale  wing  upper  surface  vortex  flows  which  are 
prominent  near  and  after  stall.  The  junction  vortex  filaments,  which  branch  away  from  these  new  vortices  are  probably  eventually 
swallowed,  and  would  not  appear  downstream.  If  flow  aeparation  is  premature  then  the  breakdown  of  the  wing  boundary  layers  pro¬ 
duce  undesirable  aerodynamic  characteristics,  and  this  is  reflected  in  both  the  surface  shear  stress  patterns  and  the  lift  and  drag  charac- 
terirtka. 


With  a  more  slender  nacelle  (N-2),  as  stall  develops,  it  is  possible  to  see  more  easily  what  happens  to  the  junction  vortex  on 
the  upper  surface.  Figures  19(a),  (b),  (c)  show,  for  a  wing  with  a  normal  leading  edge,  the  gradual  development  of  three-dimensional 
separation  leading  to  prominent  but  unstable  vortex  flows  for  angles  of  attack  of  0,16  and  20  degrees.  The  schematic  interpretation  of 
thu  process  indicates  that  the  junction  separation  lines  may  terminate  at  spiral  foci  on  the  wing  upper  surface  near  the  leading  edge. 
Separation  appears  to  occur  as  a  result  of  vortex  filaments  leaving  these  foci,  but  also  from  weak  oblique  separation  lines  which  traverse 
the  wing  chord.  These  two  flow  separations  presumably  merge  with  one  another. 

Flow  on  the  Wing  Upper  Surface  —  LEX  Installed 

With  a  strake  fitted,  the  upper  surface  flow  is  dominated  mainly  by  the  vortices  shed  from  its  free  edges,  even  at  moderate 
angles  of  attack.  Figure  21  shows  for  nacelle  N-2  the  upper  surface  flows  at  angles  of  attack  of  0,8  and  16  degrees. 

The  flow  is  now  more  stable,  and,  in  comparison  with  no  LEX,  at  8  degrees,  compoaed  entirely  of  three-dimensional  flow 
over  the  centre  section.  The  separation  lines,  which  commence  along  the  streamwise  edges  of  the  strake.  continue  screw  the  wing  chord 
to  :be  trailing  edge  and  begin  to  form  the  main  vortex  system  which,  at  high  lift  coefficients,  keeps  the  flow  attached  on  the  centre 
section.  In  thS  way  the  dasncal  decrement  of  loading  over  the  centre  portion  of  a  wing-body  may  have  been  “filled  in”  by  the  action  of 
a  favorable  viscous  separation.  The  lift  curves  of  Figure  10(a)  indicate  a  alight  increase  in  Bft. 

The  flow  in  the  vicinity  of  these  separation  lines,  particularly  in  the  interior  region,  is  notably  three-dimensional,  and  exhibits 
many  of  the  characteristics  of  the  sheer  stress  patterns  seen  on  slender  delta  win*.  At  higher  angles  of  attack  (a  >  16° )  outboard  of  the 
main  separation  lines,  fluid  is  drawn  to  both  primary  and  secondary  separation  tinea  which  originate  well  beyond  the  physical  dimensions 
of  the  nacelle.  The  schematic  diagram  of  Figure  22(a)  shows  the  main  features  of  the  vortex  flow  over  the  top  of  the  wing,  induced  by 
leading  edge  extension*.  Attachment  takes  place  along  the  line  of  symmetry  for  a  *  8°.  At  higher  angles  of  attack,  when  the  vortex 
flows  are  stronger,  two  attachment  lines  he  on  either  tide  of  the  plans  of  symmetry. 

There  appear*  to  be  an  dtsraat*  configuration  of  the  upper  surface  vortex  sheets  which  may  occur  at  low  angles  of  attack.  In 
thw  situation,  shown  in  Figure  23  tbs  separation  line  which  originates  on  the  streamwise  edge  of  the  LEX  does  not  continue  on  to  the 
wing.  Rather,  the  vortex  sheet  may  detach  at  the  wktg/LEX  junction,  and  both  ends  roll  up,  resulting  in  the  formation  of  double 
branched  cores  over  the  wing.  The  resulting  flow  dbtuibance  on  the  wing  may  be  small.  This  conjecture  has  not,  ao  far,  been  supported 
by  direct  observation,  and  as  wing  incidence  increasss;  there  is  a  greater  likely  hood  of  the  vortex  sheet  “sticking”  to  the  wing.  The 
junction  vortex,  which  does  not  appear  on  the  wing  upper  surface  with  LEX  installed,  presumably  rolls  up  with  the  free  vortex  sheet. 

Afterbody  Attachment  and  Separation 

Another  region  where  significant  separation  end  reattachment  occurs  is  just  aft  of  the  wing  trailing  edges,  on  either  side  of  the 
nacelle  afterbody.  These  attachment  regions  aa  seen  in  Figure  24  for  nacelles  N-2  and  N-3  are  slender  formations  of  three-dimensional 
flow  with  a  prominent  node  of  attachment  at  the  nos*.  Fluid  apparently  flow*  from  the  oblique  attachment  line  located  in  the  center 
of  these  regions  to  separation  tines  around  the  periphery.  The  sense  of  the  shed  vortices  is  uncertain;  Reference  21  discusses  a  similar 
flow  at  the  trailing  edge  of  a  two-dknewiooal  wing-plate  configuration  at  comparable  Reynolds  numbers.  These  trailing  edge  repara¬ 
tion  patterns  were  attributed  to  a  continuation  of  the  secondary  vortex  flows  generated  in  the  junction;  thua  the  flow  in  the  attachment 
region  was  weak,  and  the  tense  of  the  free  vorticity  wre  opposite  to  the  primary  junction  vortices. 

In  the  present  situation,  aft  of  the  wing-nacelle,  the  reverse  is  true.  In  the  author’s  opinion,  since  the  attachment  flows  appear 
to  be  strong,  and  to  suggest  vorticity  which  is  rotating  in  the  same  sens*  aa  the  junction  vortices. 

The  sire  of  this  attachment  region  appears  to  depend  on  the  shape  of  the  nacelle  afterbody;  the  wider,  more  blunt -coded 
NACA  nacelle  (N-l)  has  significantly  larger  regions  of  disturbance,  than  does  the  more  slender  configuration  (N-2),  A  schematic  inter¬ 
pretation  of  the  flow  on  the  nacefle  afterbodies  is  shown  in  Figure  25. 

REYNOLDS  NUMBER  EFFECTS 

The  present  rests  ware  done  at  a  fairly  low  Reynolds  numbers,  ranging  from  about  6000  in  the  water  tunnel  to  1.2  X  10*  in 
ths  wind  tunnel.  The  structure  of  the  wing  root  junction  flow  contains  not  only  primary  vortteea,  but  abo  secondary,  and  in  some 
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instances,  tertiary  separations  along  the  sides  of  the  nacelle.  This  multiple  vortex  shedding  tends  to  be  a  characteristic  of  three-dimensional 
protuberance  flows  at  these  low  Reynolds  numbers,  but  is  found  not  to  occur  at  the  higher  Reynolds  numbers  which  correspond  to 
full-scale  flight.  Thus  in  attempting  to  describe  the  staggering  multiplicity  of  vortices  which  stream  downwind  of  a  wing-nacelle  configu¬ 
ration,  it  should  only  be  necessary  to  count  the  primary  separations.  The  sketches  in  Figure  26  depict  various  combinations  of  vortices 
which  should  appear  in  cross  flow  planes  downwind  under  different  conditions  of  flight.  If  the  upper  surface  flow  is  unseparated,  with  a 
normal  leading  edge,  then  a  total  of  eight  primary  vortex  cores  stream  from  the  junctions,  and  afterbody  separations.  If  a  LEX  is  in¬ 
stalled,  with  vortices  streaming  from  the  swept  edges,  then  additional  vortices  will  appear  above  the  wing  bringing  the  vortex.  If  the 
propulsive  streamtube  ako  deforms  and  rolk  up,  as  the  wake  survey’s  tend  to  suggest,  then  additional  areas  of  vorticity  will  be  present 
in  the  flow  downwind. 


EFFECTS  OF  A  PROPELLER  SLIPSTREAM 

The  effects  of  a  propulsive  streamtube,  and  slipstream  rotation  are  shown  in  Figures  2?  to  30. 


The  powered  version  of  nacelle  N-2  did  not  produce  high  thrust  levck;  the  average  value  of  the  pressure  rise  behind  the 
propeller  corresponded  to  a  total  pressure  coefficient  Cp,  *  1.1.  This  did  not  result  in  large  velocity  increments,  however,  the  slip¬ 
stream  rotation  was  quite  Urge,  and  yawmeter  measurements  indicated  a  value  of  about  10  degrees  at  a  radius  corresponding  to  the 
maximum  nacelle  width. 


Flow  visualization  indicated  some  of  the  changes  caused  by  the  slipstream.  With  LEX  installed  on  nacelle  N-2,  at  low  model 
incidence  (a  “  4°),  the  flow  on  the  ventral  surface  was  seen  to  reflect  slipstream  rotation,  and  the  flow  pattern  on  the  wing  upper 
surface  was  slightly  skewed  toward  the  downgoing  (outer  wing)  blade  side.  At  very  high  angles  of  attack,  with  separated  flows  over  the 
wing  surface,  the  slipstream  tends  to  encourage  a  more  symmetric  flow  formation  that  would  otherwise  occur.  In  the  middle  ranges  of 
a  there  appeared  to  be  no  noticeable  alteration  in  the  flow  patterns  due  to  slipstream  effects. 

With  a  normal  leading  edge  (no  LEX)  the  slipstream  rotation  effects  are  present  for  angles  of  attack  only  greater  than  16 
degrees,  in  that  the  upper  surface  flow  patterns  were  slightly  skewed  toward  the  outer  wing. 

A  total  pressure  survey  was  ako  done  behind  the  powered  and  unpowered  versions  of  nacelle  N-2  (LEX  on),  at  mid  chord,  on 
the  wing  upper  surface.  At  16  degrees,  (unpowered.  Fig.  27(a)),  just  before  stall,  the  isobars  indicate  the  presence  of  two  stable  vortices, 
spaced  1/3  chord  apart,  and  lying  about  1/10  chord  above  the  wing  surface.  At  20  degrees,  well  beyond  CL  ,  the  starboard  or  inner 
vortex  has  become  incoherent  with  flow  breakdown  occurring  over  the  wing  (Fig.  27(c)). 

Isobars  for  the  powered  nacelle,  at  angles  of  attack  ot  16  and  20  degrees  are  presented  in  Figure  27(b,  and  (d).  Slipstream 
effects  do  not  appear  to  produce  any  important  changes  in  the  appearance  of  the  flow  for  these  angles. 

Further  explorations  of  the  nacelle-wing  wake  were  made  using  five-hole  yawmeters  behind  a  more  heavily  loaded  configura¬ 
tion.  The  model  was  similar  in  its  proportions  to  nacelle  N-2  although  not  of  the  same  design.  The  test  conditions  were  appropriate  to  a 
climb  configuration,  with  a  fairly  high  thrust  coefficient,  and  flaps  set  at  15  degrees. 


The  measurement  plane  was  three  chords  behind  the  aerodynamic  centre,  and  the  quantities  shown  in  Figure  28  are  sidewash 
and  downwash  angles,  0jw»  and  total  pressure  H  (Fig.  29). 

Observations  in  the  cross- flow  plane  showed  that  the  propulsive  streamtube  of  the  propeller  was  grossly  deformed  by  the 
mutual  effects  of  the  wing  and  the  nacelle.  In  addition,  as  a  result  of  viscous  separation  in  the  wing-body  junction,  and  the  roll-up  of 
the  propubhre  streamtube,  regions  of  concentrated  vorticity  were  present  in  the  flow. 

The  total  pressure  contours  of  Figure  29  trace  out  the  configuration  of  the  deformed  slipstream,  which  in  this  caw  tends  tv 
form  an  “inverted  T”,  a  configuration  which  as  been  observed  before  (Ref.  22).  The  slipstream  flowing  over  the  top  of  the  wing  L 
evidently  contracting,  while  that  flowing  over  the  bottom  contains  most  of  the  really  high  pressure  levels,  and  appears  to  be  spreading 
laterally  beyond  the  physical  dimensions  of  the  propeller. 

It  was  difficult  to  identify  precisely,  any  regions  of  vorticity.  however,  the  downwash  contours  suggest  vortex-like  activity 
below  the  wing  on  the  up-going  blade  side.  The  sense  of  rotation  of  the  cross-flow  appears  to  be  clockwise,  viewed  from  the  rear,  and  k 
consistent  with  a  vortex  shed  from  the  pon  wing  body  junction.  Similarly,  the  sidewash  angle  contours  indicate  a  similar  type  of 
rotation,  also  originating  from  the  port  side. 

CONCLUSIONS 

The  aim  of  this  paper  has  been  to  summarize  some  of  the  important  problems  in  the  integration  of  a  wing  and  nacelle,  for 
turbo-propeller  aircraft,  and  to  emphasize  in  particular,  the  viscous  intentions  which  occur. 

The  nacelle  models  were  sized  to  represent  current  practice,  and  were  mounted  on  a  half-wing  of  aspect  ratio  approximately 
six.  Balance  measurements  demonstrated  the  characteristic  decrease  of  lift  and  increase  in  drag  which  occurs  when  an  underslung  nacelle 
is  added  to  a  wing.  The  addition  of  leading  edge  ax  tensions!  LEX)  resulted  in  a  slightly  improved  lift  slope,  higher  CLbu>,  and  a  gentle 
stall. 


Flow  visualization  showed  that  steady  three-dimensional  reparations  with  rolled- up  vortex  sheets  played  an  important  role 
in  the  development  of  good  aerodynamic  flow  over  the  wing-nacelle  configuration.  ’Hrase  vertical  flows  occurred  in  three  main  regions 
of  the  nacelle;  firstly  at  the  wing-nacelle  junction  where  a  horse-shoe  shaped  reparation  Una  sweeps  along  tbs  underwing  junction,  and 
over  the  top  of  the  wing.  A  vortex  sheet  is  died  from  thk  tins,  and  rolk  up  gradually  along  the  length  of  the  nacelle,  bringing  the  on¬ 
coming  fluid  into  the  intersection.  Secondary  separations  may  also  occur. 


The  second  important  region  of  three-dimensional  separation  and  attachment  lies  aft  of  the  wing  trailing  edge,  on  either  side 
of  the  nacelle  upper  surface  plane  of  symmetry.  These  flows  consist  of  prominent  regions  of  attachment  bounded  by  stream  wise  separa¬ 
tion  lines  which  are  shedding  vortex  sheets.  Four  trailing  vortices  are  produced  as  a  result  of  these  separations.  An  accurate  anatomy 
and  origin  of  these  separations  is  not  understood  at  present. 


The  third  important  region  of  separation  occurs  at  high  angles  of  attack  where  the  nacelle  fore-body  ma>  separate  and  shed 
vorticity  along  the  dorsal  surface.  These  separation  lines  continue  along  the  wing  chord  at  low  angles  of  attack,  and  begin  to  form  the 
main  vortex  system  which,  at  higher  lift  coefficients,  keep  the  flow  attached  on  the  centre  section  and  delays  stall. 

A  leading  edge  extension,  placed  on  the  top  of  the  nacelle  at  the  wing  leading  edge  modified  the  flow  considerably.  With  this 
device  fitted,  the  junction  vortex,  instead  of  being  formed  abruptly  in  the  stagnation  region  between  the  wing  and  the  nacelle,  is  now 
encouraged  to  separate  more  gradually  along  the  streamwise  edge  of  the  LEX.  The  vortex  sheet  rolls  up  above  the  wing,  producing 
downwash  along  the  centreline,  and  increased  lift.  The  separation  lines,  which  had  originated  on  the  edges  of  the  strake,  continue 
acros  the  chord  to  the  trailing  edge.  The  surface  flow  between  them  is  not  unlike  that  of  a  slender  delta  wing. 


The  effects  of  a  propulsive  flow  on  the  wing-nacelle  vortex  characteristics  were  investigated  by  a  flow  survey  using  five-hole 
probes.  This  survey  showed  that  the  nropeller  slipstream  was  grossly  deformed  by  the  mutual  effects  of  the  wing  and  nacelle,  and  that 
as  a  result  of  separations  in  the  wmg-body  junction,  and  roll  up  of  the  propeller  streamtube,  regions  of  concentrated  vorticity  were 
present  in  the  flow. 
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FIG.  I:  GENERAL  ARRANGEMENT  OF  KRLF-MOOEL  CONFIGURATION 
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FIG. 14:  FLOW  IN  THE  WINOgOOV  JUNCTION  -  NO  LEADING  EDGE  EXTENSION 


FIG.  IS:  VISCOUS  VORTEX  SEPARATION  ON  WINOWARO  SURFACE  OF  LEADING  EDGE  EXTENSION 
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FIG.  18(b):  DEVELOPMENT  OF  THREE-DIMENSIONAL  VORTEX  SHEETS  ON  NACELLE  UPPER  SURFACE 
AT  ANGLES  BELOW  STALL  -  NO  LEADING  EDGE  EXTENSION 


VORTEX  SHEET 


FIG.  20:  DEVELOPMENT  OF  WING  UPPER  SURFACE  VORTEX  FLOWS  -  NO  LEADING  EDGE  EXTENSION 
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FIG.  21:  FLOW  ON  THE  WING  UPPER  SURFACE  -  LEADING  EDGE  EXTENSION  ON 
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FIG.  23:  DETACHMENT  OF  WING  VORTEX  SHEETS  WITH  FORMATION  OF  DOUBLE  -BRANCHED  CORES  - 
LEADING  EDGE  EXTENSION  ON 
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THEORETICAL  MODELLING  OP  THREE-DIMENSIONAL  VORTEX  FLOWS 
IN  AERODYNAMICS 


by 


J.  H.  B.  Smith 
Aerodynamics  Department, 
Royal  Aircraft  Establishment, 
Farnborough,  Hampshire,  UK 


|  A  unified  account  is  presented  of  the  various  inviscid  models  used  to  represent 

three-dimensional  vortex  flows  in  aerodynamics;  essentially  those  relying  on  vortex 
I  sheets  and  line-vortices.  Recent  developments  in  extending  the  scope,  accuracy,  and 
I  stability  of  these  models  are  described.  An  evaluation  of  their  relative  strengths  and 
weaknesses  suggests  that  the  different  models  all  have  continuing  roles  to  play.  It  is 
claimed  that  vortex  modelling  has  come  of  age,  in  the  sense  that  we  can  now  learn  about 
the  real  world  from  the  behaviour  of  models,  after  decades  of  trying  to  make  the  models 
conform  with  reality. 


1  INTRODUCTION 

To  set  the  sort  of  model  to  be  discussed  In  perspective.  It  is  helpful  to  recall 
the  usual  hierarchy  of  flow  models,  together  with  the  assumptions  about  the  fluid  and  the 
flow  which  give  rise  to  them.  The  first  model,  the  Navier-Stokes  equations,  depends  on 
assumptions  about  the  nature  of  the  fluid.  Plow  at  large  Reynolds  numbers  Involves 
turbulence,  and  the  mean  motion  is  then  modelled  by  the  time-averaged  Navier-Stokes 
equations,  involving  Reynolds  stress  terms.  To  represent  these  Reynolds  stresses  in 
terms  of  the  mean  motion  and  its  history,  one  or  more  turbulence  models  are  required.  In 
the  flow  of  a  uniform  stream  past  a  body  at  a  large  Reynolds  number,  both  turbulent  motion 
and  the  large  shears  which  make  molecular  viscosity  important  are  confined  to  thin 
boundary  layers  on  the  body  and  to  the  wake  which  arises  from  the  separation  of  these 
boundary  layers  from  the  surface  of  the  body.  Outside  the  boundary  layers  and  wake  the 
flow  behaves  as  if  the  fluid  were  inviscid. 

For  most  flows  of  importance  to  aerodynamics,  the  wakes  are  thin,  in  the  sense  that 
their  thickness  reduces  as  Reynolds  number  Increases.  The  effects  of  turbulence  and  vis¬ 
cosity  can  then  be  modelled  by  the  theory  of  thin  shear  layers,  provided  there  is  an 
appropriate  model  for  the  Interaction  between  the  external  flow  and  the  thin  shear  layers. 
A  thin  shear  layer  affects  the  external  flow  in  two  waysi  through  a  displacement  effect, 
requiring  a  difference  in  normal  velocity  between  its  opposite  surfaces;  and  through  a 
vortex  effect,  requiring  a  difference  in  tangential  velocity  between  its  opposite  surfaces. 
As  the  Reynolds  number  tends  to  infinity,  the  displacement  effect  dies  away,  but  the 
vortex  effect  remains.  The  shear  layers  become  vortex  sheets  in  the  limit.  This  leads  to 
an  inviscid  model  of  the  flow,  which  is  governed  by  the  Euler  equations.  However,  in 
general,  the  formulation  of  the  problem  for  the  Euler  equations  must  Include  a  specifica¬ 
tion  of  the  lines  on  the  body  from  which  the  vortex  sheets  arise,  the  separation  lines. 

A  symmetrical  wing  at  sero  incidence  sheds  no  vortex  wake,  so  it  is  not  necessary  to 
specify  a  separation  line.  When  the  wing  is  placed  at  incidence  the  assumption  that 
separation  takes  place  frcsi  the  sharp  traillng-edge  is  automatically  made.  In  reality, 
separation  also  takes  place  from  the  tip,  spreading  forward  from  the  traillng-edge  as  the 
angle  of  incidence  Increases,  at  a  rate  depending  on  the  design  of  the  tip.  For  a  wing 
with  a  highly-swept  sharp  leading-edge,  a  similar  separation  takes  place  from  the  lead¬ 
ing  edge. 

We  may  expect  that,  for  most  bodies  of  prsctical  interest  to  aerodynamlclsts,  the 
limit  of  the  real  flow  as  the  Reynolds  number  tends  to  infinity  will  be  an  inviscid  flow 
with  embedded  vortex  sheets.  In  this  limit,  it  seems  likely  that  the  positions  of  the 
separation  lines  are  determined,  though  not  necessarily  uniquely.  The  same  flow  represen¬ 
tation  may  also  be  used  as  a  model  of  the  flow  at  large,  but  finite,  Reynolds  numbers, 
though  then  the  positions  of  the  separation  lines  must  be  supplied  to  the  model  from  out¬ 
side  it.  The  assumptions  leading  to  this  model  are,  first,  large  Reynolds  ntatber  and, 
second,  the  sort  of  thin  wake  flow  which  is  naturally  associated  with  aerodynamical ly 
efficient  shapes. 

For  shock-free  flows  past  bodies  immersed  in  a  uniform  stream,  the  inviscid  flow  can 
be  represented  by  a  potential  function,  and  the  same  representation  can  be  extended  to 
model  flows  with  weak  shock  waves.  From  this  point,  at  which  the  flow  is  described  by  a 
potential  function  everywhere  outside  the  body  and  outside  the  vortex  sheets,  the  various 
treatments  to  be  discussed  in  this  paper  diverge.  To  order  the  discussion,  we  reserve 
the  word  'model'  to  describe  an  approximation  to  the  vortex  sheet,  and  introduce  the  word 
'framework'  to  describe  a  treatment  of  the  potential  flow  in  which  the  vortex  sheet  is 
embedded.  Then  the  models  of  the  vortex  sheet  to  be  considered  are  the  classical  rigid- 
weke  model  of  a  trailing  vortex  sheet,  the  Mangler-amith  model1  for  a  rolled-up  core, 
the  multiple  line-vortex  model,  and  the  single  line-vortex  model.  The  possible  frame¬ 
works  are  the  full  nonlinear  potential  formulation,  the  nonlinear  transonic  small 


perturbation  approximation,  the  linear  small  perturbation  (Prandtl-Glauert)  approxima¬ 
tions  for  subsonic  and  supersonic  flows,  and  the  slender-body  approximation.  To  illus¬ 
trate  the  independent  aspects  of  model  and  framework,  a  two-dimensional  presentation  is 
usefuls 


Model 

Framewoi^v. 

Rigid  wake 

— 

Rolled -up  core 

Multiple 
line -vortex 

Single 

line-vortex 

Full  potential 

TSP 

P  -  G,  M  <  1 

Jameson 

Albone 

Multhopp 

F.T.  Johnson,  et  al 2 

Rehbach^ 

Nang la  and  Hancock4 

P  -  G,  M  >  1 

Slender-body 

D.  Cohen 

R.T.  Jones 

Mangier  and  Smith1 

Sacks,  et  al$ 

Brown  and  Michael6 

in  this  table  the  names  have  been  introduced  for  illustrative  purposes  only.  The  classical 
rigid-wake  model  has,  of  course,  been  used  in  all  the  frameworks/  but  the  other  vortex 
models  have  only  been  used  to  a  significant  extent  in  the  subsonic  Prandtl-Glauert  frame¬ 
work,  which  includes  the  important  special  case  of  incompressible  flow,  and  the  slender- 
body  framework. 

A  further  point  is  worth  clarifying  at  this  stage,  even  though  it  is  of  greater  sig¬ 
nificance  for  Dr  Hoeljmaker's  paper7  which  follows.  This  concerns  the  mathematical  nature 
of  the  problems  to  which  the  various  frameworks  give  rise,  and  how  these  can  be  modified 
by  particular  geometries.  The  discussion  is  restricted  to  steady  flow.  To  illustrate  the 
point,  consider  a  purely  supersonic  flow  and  ignore  the  complexities  of  the  vortex  models. 
Both  the  full  potential  and  the  supersonic  Prandtl-Glauert  frameworks  lead  to  hyperbolic 
problems.  However,  for  the  flow  past  a  conical  shape,  the  problem  can  be  reformulated  in 
conical  variables,  yielding  an  equation  in  only  two  variables  which  changes  type  from 
elliptic  near  the  free-stream  direction  to  hyperbolic  at  a  large  Inclination  to  it.  The 
presence  of  vortex  sheets  of  conical  form  does  not  change  the  type  of  the  problem  in  this 
case,  though  of  course  the  presence  of  boundaries  of  unspecified  shape  does  make  it  more 
complex,  in  the  slender-body  framework,  the  solution  splits  into  an  axial  flow  perturba¬ 
tion  depending  only  on  the  distribution  of  cross-sectional  area,  and  a  cross-flow  pertur¬ 
bation.  The  problem  for  the  cross-flow  is  governed  by  Laplace's  equation  and  is  therefore 
always  elliptic.  Without  the  complication  of  the  vortex  sheets,  each  of  the  two- 
dimensional  cross-flow  problems  is  independent  of  the  others  and  can  be  solved  in  isola¬ 
tion.  With  vortex  sheets  each  cross-flow  problem  depends  on  the  solution  upstream,  in 
this  respect  the  problem  takes  on  a  quasi-parabolic  character,  with  the  streamwise  coupling 
represented  by  ordinary,  rather  than  partial,  differential  equations,  because  the  circula¬ 
tion  is  concentrated  in  sheets,  not  diffused  as  vorticity.  In  the  particular  case  of  a 
conical  body  shape,  for  which  a  conical  vortex  configuration  is  sought,  the  quasi-parabolic 
behaviour  is  eliminated.  A  single  elliptic  problem  with  unknown  boundaries  then  emerges. 
The  other  effect  of  introducing  a  vortex  representation  which  goes  beyond  the  rigid  planar 
wake  is  to  introduce  an  essential  nonlinearity  into  the  problem.  The  governing  differen¬ 
tial  equations  for  the  Prandtl-Glauert  and  slender-body  frameworks  are  linear,  but  the  con¬ 
dition  of  continuity  of  pressure  across  a  vortex  sheet  is  nonlinear. 

in  view  of  the  large  amount  of  work  in  this  field  using  the  slender-body  framework, 
it  is  worth  recalling  the  relationship  between  it  and  the  theory  of  incompressible  two- 
dimensional  flow.  There  is  an  exact  correspondence  between  the  cross-flow  component  of  a 
slender-body  solution  and  an  unsteady  two-dimensional  flow  in  which  the  body  is  growing, 
moving,  and  deforming  in  time  in  the  same  way  as  the  cross-section  of  the  three-dimensional 
body  is  changing  in  the  streamwise  direction.  When  vortex  sheets  are  present,  the  separa¬ 
tion  lines  must  also  be  specified  in  the  same  way.  There  is  no  direct  relationship  between 
the  viscous  sffscts  in  the  two-  and  three-dimensional  flows.  A  consequence  of  this 
correspondence  is  that  the  classical  treatment  of  the  roll-up  of  a  three-dimensional  wake, 
treating  it  as  a  time-dependent  problem,  is  just  a  slender-body  approximation  to  the 
three-dimensional  flow. 

2  MODELS  OP  VORTEX  SHEETS 

The  flat  wake  behind  an  elliptlcally-loaded  wing  is  in  equilibrium,  in  the  classical 
treatment  just  referred  to.  The  equilibrium  is  unstable,  but  even  the  existence  of  a 
simple  equilibrium  configuration  makes  this  an  exceptional  case.  In  general,  the  equi¬ 
librium  shape  of  a  vortex  sheet  involves  the  rolling  up  of  its  free  edges  into  a  spiral 
form,  the  spiral  containing  an  inflnltaly  large  number  of  turns  about  ita  axis.  We  shall 
be  concerned  with  the  representation  of  such  spiral  sheets.  For  a  conventional,  tail-aft, 
configuration,  the  rolling  up  of  the  vortex  wake  is  of  relatively  little  importance  to  the 
aircraft  itself  (though  it  may  be  very  significant  for  a  lighter,  following  aircraft) 
because  it  takes  place  well  downstream  of  the  wing  and  well  outboard  of  the  tail.  Rolling 
up  is  of  greater  importance  for  a  canard  lay-out  and  Is  s  dominant  feature  of  flows  Involv¬ 
ing  leading-edge  separation  from  strakes  and  delta  wings.  It  Is  also  becoming  clear  that 
the  behaviour  of  rolled-up  vortex  sheets  can  explain  many  aspects  of  the  aerodynamics  of 
the  noses  of  aircraft  and  missilea  at  large  angles  of  attack. 
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To  represent  an  infinite  spiral  in  a  numerical  calculation  would  present  consider¬ 
able  difficulties.  The  simplest  way  out  is  that  adopted  by  Mangier  and  Smith1.  It  is 
simply  to  represent  the  inner  turns  of  the  vortex  sheet  by  a  single  line -vortex,  at  least 
as  far  as  the  effects  of  the  inner  turns  on  the  rest  of  the  flow  field  are  concerned.  A 
few  turns  on  the  outside  of  the  spiral  can  then  be  represented  explicitly  in  a  numerical 
treatment.  An  essential  feature  of  flows  of  this  kind  is  that  circulation*  is  being  con- 
vected  along  the  sheet.  Some  simplified  representation  is  therefore  needed  of  the  convec¬ 
tion  of  circulation  from  the  free  edge  of  the  outer  part  of  the  sheet  to  the  line-vortex 
representing  its  core.  In  the  existing  model,  used  both  in  the  slender -body  and  the  sub¬ 
sonic  Prandtl-Glauert  frameworks,  this  convection  process  is  represented  as  occurring 
entirely  in  the  cross-flow  plane,  which  is  not  very  different  from  a  plane  normal  to  the 
line-vortex.  As  a  result,  a  discontinuity  of  pressure  appears  across  the  cut  connecting 
the  free  edge  of  the  sheet  to  the  vortex,  a  discontinuity  whose  magnitude  depends  on  the 
streamwise  coordinate  only.  To  obtain  a  force-free  system,  the  force  which  arises  from 
this  pressure  difference  in  each  cross-flow  plane  is  balanced  by  the  local  force  on  the 
line-vortex  which  arises  from  its  Inclination  to  the  local  flow  direction.  Since  the 
force  arising  from  the  pressure  difference  scales  on  the  product  of  the  circulation  of  the 
line-vortex  and  its  distance  from  the  free  edge  of  the  sheet,  it  will  tend  to  zero  as  the 
extent  of  the  properly-modelled  outer  part  of  the  sheet  increases.  In  fact,  for  most 
purposes,  it  is  enough  to  include  explicitly  about  half  a  turn  of  the  sheet  on  a  delta 
wing8 . 

Because  this  model  has  often  been  applied  to  flows  which  are  conical,  it  is  often 
thought  of  as  being  restricted  to  conical  flows.  In  fact  it  has  been  used  for  non-conical 
flows  in  the  frameworks  of  slender-body  theory9*10  and  of  the  fuller  Prandtl-Glauert  treat¬ 
ment  for  subsonic  flow2*11.  The  bound  ear  y  conditions  to  be  applied  on  the  properly- 
represented  outer  part  of  the  sheet  are  that  the  pressure  is  continuous  across  the  sheet 
and  that  the  sheet  forms  part  of  a  three-dimensional  stream  surface.  These  are  exactly 
equivalent  to  the  requirement  that  the  circulation  is  convected  with  the  mean  of  the 
velocity  vectors  on  the  two  sides  of  the  sheet.  An  additional  Xutta  condition  is  usually 
needed  at  the  separation  line.  For  flows  without  lateral  symmetry  it  is  also  necessary 
to  fix  the  overall  circulation  about  the  cross-section  of  the  configuration  to  be  zero; 
a  condition  which  follows  from  the  application  of  Kelvin's  theorem  to  a  closed  contour 
which  la  convected  from  upstream  to  surround  the  configuration. 

This  model,  implemented  in  the  slender-body  framework,  has  been  shown  to  give  a 
useful  qualitative  picture  of  the  effects  of  planform,  thickness,  cross-sectional  and 
lengthwise  camber,  side-slip,  roll,  and  oscillations  in  pitch  and  heave  for  simple  flows 
over  sharp-edged  wings,  involving  only  a  single  pair  of  leading-edge  vortices,  it  has 
also  been  implemented,  with  much  greater  difficulty,  in  the  subsonic  Prandtl-Glauert 
framework;  and  has  been  shown  to  give  reliable  quantitative  predictions  of  lift,  pitching 
moment  and  pressure  distribution.  For  a  discussion  of  these  results  and  more  complete 
lists  of  references,  see  previous  reviews8*12.  For  these  simple  flows,  the  major  weak¬ 
nesses  arise  from  the  absence  of  any  representation  of  secondary  separation  or  vortex 
breakdown . 

An  important  special  case  of  this  vortex-sheet  model,  which  significantly  pre-dates 
it,  is  obtained  by  omitting  the  explicit  representation  of  the  outer  turns  of  the  spiral 
sheet,  so  that  the  cut  extends  from  the  line-vortex  to  its  associated  separation  line. 

This  was  used  by  Brown  and  Michael6,  following  earlier  work  by  Legendre11.  The  same  model 
was  applied  to  represent  vortices  shed  from  inclined  cones  and  cylinders  by  Bryson14, 
still  within  the  framework  of  slender-body  theory,  and  it  has  also  been  implemented  in  the 
subsonic  Prandtl-Glauert  framework4*15.  It  will  be  referred  to  as  the  (single)  line-vortex 
model.  Again  it  is  not  confined  to  conical  flow,  though  the  curvature  of  the  line-vortex 
then  presents  a  mathematical  difficulty. 

The  self-induced  velocity  of  a  curved  line-vortex  is  infinite  and  directed  normal  to 
itself.  This  is  obviously  non-physical  and  indicates  that  the  model  is  over-simplified. 
The  same  difficulty  arises  with  the  core  representation  in  the  vortex-sheet  model.  It  can 
be  resolved  by  considering  the  vortex  core  to  have  a  finite  cross-sectional  area,  based  on 
the  geometry  in  the  croes-flow  plane,  and  a  continuous  distribution  of  vorticlty,  based  on 
one  of  the  asymptotic  solutions1*16"16  for  the  inner  part  of  a  vortex.  The  self-induced 
velocity  is  then  finite,  and  can  be  calculated19,  and  could,  in  principle,  be  included  in 
the  model.  In  the  slender-body  framework  the  self-induced  velocity  is  of  the  same  order 
as  other  neglected  quantities  and  there  is  no  mathematical  reason  to  include  it. 

Another  omitted  effect  in  the  representation  of  the  whole  or  part  of  the  spiral 
sheet  by  a  line-vortex  le  that  of  the  circumferential  component  of  the  vorticlty  vector. 
This  component  has  the  effect  of  accelerating  the  flow  along  the  axis  of  the  vortex, 
often  very  appreciably,  producing  an  associated  Inflow  as  required  by  continuity.  It  is 
possible  to  represent  the  effect  of  this  inflow  on  the  outer  flow  by  combining  a  line- 
sink  with  the  line-vortex.  This  approach  has  been  discussed  by  Hoeijmakers20  and 
Verhaagen21 ,  but  It  is  necessary  to  take  considerable  care  over  the  definition  of 


The  terra  'circulation'  is  here  used  in  a  slight  extension  of  Its  usual  meaning.  Conven¬ 
tionally,  circulation  is  a  property  of  a  closed  contour.  However,  in  a  potential  flow 
with  embedded  vortex  sheets,  the  circulation  about  all  closed  contours  which  intersect 
one  sheet  only,  end  that  sheet  at  one  and  the  same  point,  is  the  same,  so  that  it  can  be 
regarded  «s  a  local  property  of  the  sheet.  It  la  just  the  jump  in  potential  across  the 
sheet.  It  seems  better  to  extend  the  use  of  'circulation'  in  this  way  rather  than  use 
'vorticlty'  in  senees  which  may  be  confusing. 
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entrainment  if  their  results  arc  to  be  interpreted  correctly.  It  again  appears  that,  in 
the  slender-body  framework,  the  strength  of  the  line-sink  .s  of  the  same  order  as  the 
other  neglected  quantities. 

In  view  of  these  complexities,  it  is  not  surprising  that  other,  apparently  more 
straightforward,  approaches  have  been  made  to  the  modelling  of  the  infinitely  rolled-up 
sheet.  The  most  popular  of  these  is  the  representation  <  f  the  sheet  by  a  large  number 
of  line-vortices.  The  basis  of  this  may  be  seen  by  drawing  on  the  sheet  a  family  of 
spiral  curves  which  are  lines  of  constant  circulation,  or  constant  jump  in  potential.  As 
mentioned  above,  theme  will  also  be  streamlines  of  the  rean  flow.  The  spiral  curves  cut 
the  sheet  into  ribbons,  and,  if  the  circulation  in  each  ribbon  is  condensed  into  a  line- 
vortex,  a  multiple  line-vortex  model  is  obtained.  The  :ondition  to  be  satisfied  is 
simply  that  each  line-vortex  should  be  aligned  with  the  local  flow  direction  along  the 
whole  of  its  length. 

The  question  of  the  self-induced  velocity  of  the  curved  line-vortex  arises  again. 
This  time  the  line-vortex  represents,  not  a  core  of  finte  area,  but  a  ribbon  of  the 
sheet,  and  a  different  approach  is  needed.  Since  a  plane  element  of  sheet  has  no  self- 
induced  velocity,  no  local  contribution  from  the  ribbon  is  required.  A  plausible  proce¬ 
dure  would  be  to  omit  from  the  range  of  Biot-Savart  integral  for  the  self-induced  velocity 
of  a  line-vortex  at  a  point  P  an  interval  surrounding  P  of  the  same  length  as  the  dis¬ 
tance  between  the  adjacent  line -vortices.  In  the  published  calculations  using  this  multi¬ 
vortex  model,  the  curved  line-vortices  are  replaced  by  segments  of  straight  lines.  The 
velocity  is  either  calculated  at  the  mid-point  of  the  segment,  where  it  is  finite,  or  at 
the  end,  where  it  is  presumably  necessary  to  neglect  the  infinite  contributions  of  the  two 
segments  which  meet  there. 

The  multi-vortex  model  is  most  naturally  used  to  describe  separation  from  the  edge 
of  a  wing  which  is  also  represented  by  a  set  of  line-vortices,  as  in  a  vortex- lattice  or 
vortex-ring  model  of  the  wing.  The  Kutta  condition  is  then  just  that  the  vortices  run 
off  the  edge  into  the  sheet,  with  continuity  of  circulation.  If  the  wing  is  represented 
by  a  continuous  load  distribution,  as  in  slender-body  theory,  for  instance,  there  is  some 
arbitrariness  about  where  the  vortices  representing  the  sheet  are  to  be  introduced,  and  a 
similar  difficulty  arises  in  modelling  separation  from  a  smooth  surface.  This  arbitrari¬ 
ness  affects  the  circulation  of  the  vortices  through  the  Kutta  condition. 

There  are  three  basic  difficulties  which  affect  calculations  with  the  multi-vortex 
model,  though  the  last  only  arises  in  the  slender-body  framework.  The  first  is  that  a 
large  number  of  line-vortices  are  needed  to  obtain  an  accurate  solution.  The  evidence 
for  this  comes  from  the  calculations  by  Sacks,  et  al 5  in  the  slender-body  framework,  where 
they  were  able  to  use  a  large  number  of  vortices.  A  slight  generalization  of  their 
estimate  of  the  number  of  vortices  needed  for  a  converged  solution  is: 

30  +  300A/a  ,  (1) 

where  A  is  the  aspect  ratio  and  a  is  the  angle  of  incidence  in  degrees.  The  largest 
value  of  A/a  covered  in  their  calculations  is  0.2.  There  seems  no  reason  why  fewer 
vortices  would  be  needed  in  another  framework. 

The  second  difficulty  concerns  the  shape  of  the  line-vortices.  These  should  follow 
the  streamlines  and  these,  as  we  know  from  many  visualization  experiments,  are  helices, 
with  the  pitch  of  the  helix  becoming  smaller  the  nearer  the  streamline  lies  to  the  axis 
of  the  vortex.  It  follows  that  a  line-vortex  starting  near  the  apex  of  a  delta  wing 
should  follow  a  helix  of  very  small  pitch,  and  such  a  helix  requires  very  many  elements 
to  describe  it  with  any  realism.  The  more  vortices  are  introduced,  to  meet  the  first 
difficulty,  the  closer  to  the  apex  the  first  starts,  so  increasing  the  second  difficulty. 
The  solution  must  be  to  represent  the  inner  part  of  the  sheet  separately,  probably  by  a 
line-vortex  of  growing  circulation,  as  in  the  vortex-sheet  model. 

In  the  slender-body  framework,  a  third  difficulty  arises  because  of  the  quasi¬ 
parabolic  nature  of  the  problem  referred  to  above.  The  shapes  of  the  line -vortices  are 
found  by  Integrating  ordinary  differential  equations  in  the  streamwlse  direction.  As  c 
result  of  the  basic  instability  of  this  process  and  of  the  close  approach  of  neighbouring 
vortices,  the  shapes  of  the  vortices  become  chaotic,  as  Sacks,  et  at  found5.  This  situa¬ 
tion  has  since  been  studied  in  the  exactly  analogous  planar  unsteady  problem,  where  the 
onset  of  chaos  has  been  postponed  in  two  ways.  Moore22  has  used  an  explicit  core  repre¬ 
sentation,  as  suggested  above  for  other  reasons;  and  Fink  and  Soh23  have  redistributed 
the  vortices  along  the  sheet  at  the  end  of  each  time  step.  Recent  work24  with  a  multi¬ 
vortex  formulation  which  overcomes  some  of  these  difficulties  will  be  described  later. 

3  RECENT  DEVELOPMENTS  IN  THE  MODELS 

Four  recent  developments  will  be  outlined.  Two  of  these  relate  to  the  adaptation 
of  models  generally  applied  to  separation  from  salient  edges  to  the  representation  of 
separation  from  smooth  surfaces;  and  two  arise  from  the  need  to  represent  more  complicated 
flow  patterns  than  those  on  a  delta  wing. 

Let  us  consider  first  the  extension  of  the  vortex-sheet  model  to  describe  separation 
from  smooth  surfaces,  as  reported  by  Fiddes25  for  the  case  of  the  slender  elliptic  cone  at 
incidence#  The  first  point  to  realize  is  that  the  sheet  must  leave  the  surface  tangen¬ 
tially26.  There  are  then  two  possible  types  of  behaviour  of  the  flow  normal  to  the 
separation  line26'27.  With  the  downstream  aide  of  the  separation  line  defined  as  the  side 
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towards  which  the  vortex  sheet  departs,  these  behaviours  aret  either  the  vortex  sheet  has 
infinite  curvature  and  the  pressure  gradient  upstream  of  the  separation  line  is  infinitely 
adverse)  or  both  the  sheet  curvature  and  the  upstream  pressure  gradient  are  finite.  The 
form  of  the  singularity  in  both  the  curvature  and  pressure  gradient  is  the  inverse  square 
root  of  the  distance  from  the  separation  line.  To  represent  this  behaviour  in  a  calcula¬ 
tion  is  not  trivial,  and  the  problem  has  bsen  attempted  so  far  only  in  the  sleader-body 
framework.  Clearly,  curved  elements,  or  panels,  are  needed  to  represent  the  sheet,  and 
the  base  element  apparently  needs  infinite  curvature  at  one  end.  An  ingenious  use  of  con¬ 
formal  mappings25'28  avoids  the  need  for  such  a  special  element,  and  an  existing  form1  can 


From  the  point  of  view  of  the  invlscld  modelling,  the  outstanding  question  concerns 
the  Kutta  condition.  Since  all  the  velocities  are  finite  in  the  attached  flow,  and  the 
pressure  is  continuous  everywhere,  it  la  not  clear  that  any  further  condition  is  required. 
However,  a  further  condition  on  the  numerical  solution  is  useful.  In  the  exact  invlscld 
solution,  the  fact  that  both  the  body  surface  and  the  vortex  sheet  are  stream  surfaces 
Implies  that  the  velocity  vector  on  the  surface  on  the  downstream  side  of  the  separation 
line  must  be  parallel  to  the  separation  line.  This  will  not  naturally  emerge  from  a 
numerical  solution,  in  which  the  stream  surface  condition  is  enforced  by  setting  the 
normal  component  of  the  velocity  to  zero.  It  is  therefore  helpful  to  require,  as  a  form 
of  Kutta  condition,  that  the  surface  velocity  is  along  the  separation  line  on  its  down¬ 
stream  side. 

From  the  point  of  view  of  modelling  the  real  viscous  flow,  the  outstanding  question 
is  the  determination  of  the  separation  line.  For  boundary  layers  which  are  laminar 
upstream  of  separation,  Fiddes  describes  an  approach  which  is  both  rational  mathematically, 
and  reasonably  successful  in  reproducing  the  observations  on  circular  cones.  The  approach 
rests  on  the  asymptotic  theory  of  laminar  separation  for  large  Reynolds  number  which  was 
put  forward  by  Sychev29  and  completed  by  F,T.  Smith30.  The  essential  points  are: 

(i)  at  infinite  Reynolds  number,  separation  must  be  smooth,  t«  the  singular  behaviour  in 
sheet  curvature  and  upstream  pressure  must  not  occur;  (ii)  at  finite  Reynolds  number,  the 
separation  line  is  displaced  downstream  from  the  position  of  smooth  separation  until  there 
is  a  balance  between  the  strength  of  the  singular  behaviour  and  the  level  of  skin  friction 
upstream  of  separation. 

The  use  of  this  approach,  with  the  vortex  sheet  model  and  a  laminar  boundary  layer 
calculation,  makes  it  possible  to  calculate  the  position  of  the  separation  line  as  a 
function  of  Reynolds  number.  Fig  1  shows  how  the  predicted  movement  of  the  separation 
line  with  Reynolds  number  compares  with  that  observed  by  Rainbird,  et  al 31  in  a  water-tunnel 
experiment  on  a  circular  cone.  The  trend  la  well  predicted,  and  the  difference  in  actual 
position  is  small  compared  with  the  displacement  of  the  separation  line  from  its  position 
for  infinite  Reynolds  number.  There  is,  of  course,  no  reason  to  expect  that  the  line 
along  which  the  vortex  sheet  leaves  the  surface  in  the  model  should  agree  exactly  with  any 
particular  observed  feature  of  the  real  flow.  It  is  surprising  that  the  asymptotic  treat¬ 
ment  is  as  successful  as  it  appears  to  be,  relying  as  it  does  on  a  leading  term  which  is 
of  order  R"1'8  . 

The  invlscld  model  can  be  assessed  independently  by  using  it  with  a  measured  posi¬ 
tion  of  the  separation  line.  Fig  2  shows  a  cross-section  of  the  calculated  vortex  con¬ 
figuration,  with  the  separation  line  at  the  observed,  laminar  position;  and  the  observed 
position  of  the  core  of  the  vortex  for  comparison.  The  vortex  is  at  about  the  right  dis¬ 
tance  from  the  surface,  but  not  far  enough  round  from  the  separation  line.  The  same  sort 
of  discrepancy  arises  in  wing  flows,  and  is  usually  attributed  to  the  failure  to  repre¬ 
sent  secondary  separation  in  the  model.  A  further  comparison  is  shown  in  Fig  3.  To  give 
seme  idea  of  the  shape  of  the  real  vortex,  contours  of  total  pressure  measured  by 
Rainbird32  around  a  circular  cone  in  a  wind  tunnel  are  shown,  with  the  calculated  vortex 
configuration  superimposed.  -  The  observed  position  of  the  turbulent  separation  line  was 
used  in  the  calculation.  The  model  is  clearly  producing  the  correct  qualitative  behaviour. 

It  seems  perfectly  feasible  to  extend  this  work  to  non-conical  slender  bodies  of 
general  cross-sectional  shape,  and,  with  rather  more  effort,  to  Implement  the  model  in 
the  subsonic  Prandtl-Glauert  framework.  However,  to  produce  a  similar  method  capable  of 
predicting  turbulent  separation  demands  a  new  insight. 

Compared  with  this  substantial  achievement,  the  second  advance  to  be  reported  is  a 
minor  one.  what  it  provides  is  an  improvement  in  the  Kutta  condition  for  uee  with  the 
single  line-vortex  model.  The  standard  boundary  condition,  introduced  by  Bryson111 ,  is 
that  the  velocity  at  the  separation  line  is  parallel  to  it.  This  forces  the  separating 
stream  surface  to  leave  the  body  in  a  direction  normal  to  the  body,  whereas,  if  the  sheet 
were  represented,  it  would  leave  tangentially.  The  improvement  is  achieved  by  writing 
the  Kutta  condition  for  the  sheet  model,  that  the  velocity  on  the  downstream  side  is 
parallel  to  the  separation  line,  entirely  in  terms  of  the  mean  velocity  and  the  rate  at 
which  circulation  is  being  shed.  These  are  quantities  which  also  appear  in  the  simpler 
line-vortex  model  and  so  the  revised  fora  of  the  Kutta  condition  can  be  taken  over 
immediately.  For  the  simple  example  of  separation  from  a  body  of  revolution  at  incidence, 
with  the  separation  line  lying  along  a  meridian,  the  condition  becomes 
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where  v  is  the  circumferential  component  of  the  velocity,  U  is  the  undisturbed  speed, 
and  dr/dx  is  the  axial  rate  of  growth  of  the  circulation.  Compared  with  the  original 

form  of  the  condition,  ie  v  *  0,  equation  (2)  clearly  allows  the  vortex  to  be  weaker  if 

its  position  is  unchanged.  The  general  expression  corresponding  to  (2)  is  given  in  Ref  12. 

An  illustration  of  the  effect  of  the  different  forms  of  Kutta  condition  is  given  in  Fig  4 

for  conical  flow.  The  curves  drawn  are  all  cross-sections  of  conical  stream  surfaces,  of 
which  the  body  surface  forms  one.  At  the  top  is  sketched  a  vortex  sheet  solution,  in  which 
the  sheet  leaves  the  body  tangentially  along  the  separation  line,  S  ,  to  form  the  surface 
of  separation.  On  the  left,  the  flow  corresponds  to  a  line-vortex  solution  with  the 
original  Kutta  condition:  the  separation  line  is  a  singular  point  for  the  family  of  curves 
shown  and  the  separation  surface  leaves  the  body  there  in  the  normal  direction.  On  the 
right,  the  flow  corresponds  to  a  line-vortex  solution  with  the  revised  Kutta  condition: 
the  specified  separation  line,  S  ,  is  no  longer  singular  and  the  separation  surface 
follows  further  round  the  body  before  leaving  it,  again  in  the  normal  direction. 
Neighbouring  conical  stream  surfaces  are  now  more  like  those  in  the  vortex  sheet  solution 
shown  at  the  top. 

Calculations 33»3**  for  conical  bodies  using  the  revised  Kutta  condition  do  show 
smaller  circulation,  lower  peak  suction,  lower  lift,  and  vortices  lying  further  inboard. 
These  changes  tend  to  improve  the  relationship  with  experimental  observations.  There  is 
a  lower  bound  on  the  angle  of  incidence  for  which  the  line-vortex  model  has  solutions  in 
which  the  vortex  lies  near  the  separation  line.  This  bound  is  unrealistically  high  in 
relation  to  experiment  and  to  the  vortex-sheet  model* s  predictions25;  unfortunately  the 
use  of  (2)  does  not  lower  the  bound. 

We  now  turn  to  the  improvements  aimed  at  the  treatment  of  more  complicated  vortex 
configurations,  in  particular,  configurations  which  involve  more  than  one  axis  about  which 
rolling-up  occurs.  Hoeijmakers  and  Vaatstra35'36,  using  the  vortex  sheet  model  in  time- 
dependent  planar  problems,  equivalent  to  the  slender-body  framework,  have  introduced  a 
very  useful  feature.  Where,  in  the  course  of  the  evolutior  of  the  vortex  sheet,  a  kink 
begins  to  form  in  the  shape,  a  short  segment  of  the  sheet  is  removed.  The  circulation 
about  this  segment  is  concentrated  into  a  line-vortex,  which  is  inserted  in  place  of  the 
segment,  and  connected  by  cuts  to  the  free  edges  of  the  sheet,  leaving  the  velocity  poten¬ 
tial  single-valued  once  more.  Circulation  convected  off  the  free  edges  of  the  sheet  is 
added  to  the  circulation  of  the  line-vortex.  The  system  of  a  line-vortex  with  two  cuts 
represents  an  infinitely  rolled-up,  double-branched  core  of  the  sheet,  which  we  can 
imagine  as  growing  from  a  point  on  the  vortex  sheet  at  which  a  singularity  has  appeared. 

The  spontaneous  emergence  of  singularities  in  the  evolution  of  vortex  sheets  has  recently 
been  discussed  by  Moore37  in  a  proper  mathematical  context.  It  appears  that  by  identify¬ 
ing  and  treating  these  kinks  or  singularities  an  orderly  evolution  of  the  vortex  configura¬ 
tion  can  be  computed  for  longer  times,  or  further  downstream,  than  would  otherwise  be 
possible.  No  doubt  Dr  Hoeijmakers  will  show  some  results  in  his  own  paper7. 

One  of  the  configurations  for  which  this  sort  of  extra  freedom  is  needed  is  the 
double-delta  wing,  or  the  swept-wing  with  strake.  If  the  inboard  and  outboard  portions 
of  the  leading-edge  have  almost  the  same  angle  of  sweep  and  the  angle  of  incidence  is  not 
too  small,  a  vortex  sheet  will  form  along  the  whole  leading-edge  and  roll-up  into  a  single 
spiral  core,  just  as  if  the  planform  were  smoothly  curved.  The  local  disturbance  to  the 
sheet  produced  by  the  kink  in  the  edge  is  quickly  smoothed  out.  This  flow  should  present 
no  difficulty  to  any  of  the  models. 

If  the  kink  is  larger,  the  disturbance  it  causes  to  the  smooth  growth  of  the  sheet 
will  result  in  the  formation  of  a  second  centre  of  roll-up,  as  sketched  in  Fig  5.  This 
situation  has  been  made  visible  by  Verhaagen,  whose  photographs  are  published  in  Ref  36. 

The  circulation  shed  from  the  outboard  leading-edge  cannot  be  convected  past  the  newly- 
formed  outboard  core,  so  the  circulation  of  the  inboard  part  of  the  sheet  remains  constant, 
or  may  even  reduce  if  the  outboard  core  becomes  strong  enough  to  convect  circulation  back 
towards  itself.  The  outboard  core  continues  to  grow  on  the  circulation  shed  from  the 
leading-edge,  and  will  eventually  dominate,  and  perhaps  swallow,  the  inboard  core,  if  the 
wing  extends  far  enough.  The  surface  sketched  in  Fig  5  is  a  stream  surface,  but  not 
necessarily  a  proper  vortex  sheet  everywhere.  The  jump  in  tangential  velocity  may  decay 
to  zero  near  the  points  of  inflexion  in  the  curves  which  connect  the  two  cores,  since  both 
cores  are  convect ing  circulation  away  from  the  inflexion  points. 

If  the  kink  is  larger,  or  the  incidence  smaller,  part  of  the  stream  surface  connect¬ 
ing  the  two  cores  is  likely  to  collapse  onto  the  surface  of  the  wing,  as  sketched  in 
Fig  6.  The  structure  of  the  outboard  vortex  Is  now  of  the  familiar  leading-edge  vortex 
type,  though  it  is  worth  noting  that  its  initial  growth  from  the  kink  is  not  conical, 
even  in  the  slender-body  framework.  The  inboard  core  is  shown  as  connected  to  the  wing 
surface  by  a  stream  surface  springing  from  the  line  AB.  This  is  not  meant  to  suggest 
that  the  boundary  layer  on  the  wing  separates  along  AB,  though  it  might  do  so.  However, 
there  must  be  a  surface  streamline  such  as  AB  which  forms  a  boundary  between  the  surface 
streamlines  which  are  swept  outboard  beneath  the  Inboard  core  and  the  surface  streamlines 
which  attach  to  the  upper  surface  of  the  wing  after  passing  above  the  outboard  core. 

Fig  7  shows  a  sketch  of  the  surface  streamline  pattern  which  would  be  associated  with  the 
flow  structure  of  Fig  6.  AC  and  DE  are  attachment  lines  from  which  boundary  layers  grow. 
These  boundary  layers  may  collide  along  AB  and,  if  they  do,  circulation  may  be  shed  from 
AB.  There  is  some  evidence38  that  this  does  happen  on  practical  configurations,  tout 
interpretation  of  the  limited  experimental  information  is  complicated  by  the  presence  of 
a  secondary  vortex  formed  on  the  forward  part  of  the  wing.  For  simplicity,  secondary 
separation  has  been  Ignored  in  Figs  5  to  7,  *»nd  the  streamlines  sketched  in  Fig  7  may 
be  regarded  either  as  the  surface  streamline  of  the  invlscid  flow  or  as  the  limiting 
streamlines  of  the  real  flow. 
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The  stream  surface  through  AB  is  drawn  as  simply  as  possible  in  Fig  6,  intersecting 
the  wing  normally.  This  implies  that  there  is  no  shedding  of  circulation  along  AB.  Part 
of  the  stream  surface  will  then  no  longer  be  a  vortex  sheet,  as  suggested  in  Fig  8a.  It 
is  then  likely  that  a  second  centre  of  roll-up  will  form,  as  in  Fig  8b.  On  the  other  hand, 
if  circulation  is  being  shed  from  AB,  the  cross-section  of  the  sheet  will  resemble  Fig  8c 
or  8d,  depending  on  the  sign  of  the  shed  circulation.  Resolving  these  details  seems 
unlikely  to  be  important. 

If  the  flow  near  the  kink  is  as  sketched  in  Fig  6,  there  is  still  a  question  about 
its  downstream  development.  The  inboard  vortex  is  moving  slightly  outboard,  under  the 
influence  of  its  image  vortex  in  the  wing,  while  the  outboard  vortex  is  growing  in  size 
and  strength.  Will  the  outboard  vortex  capture  the  inboard  one?  We  return  to  this 
question  later. 

As  the  sequence  of  reductions  in  the  sweep  of  the  outboard  wing  and  reductions  in 
the  angle  of  incidence  continues,  the  separation  on  the  outboard  leading-edge  is  eventually 
suppressed.  The  flow  structure  then  resembles  that  of  Figs  6  and  8,  with  the  outboard 
vortex  removed.  The  corresponding  surface  streamline  pattern  is  sketched  in  Fig  9.  The 
line  AB  now  forms  a  boundary  between  the  flow  swept  outboard  under  the  vortex  from  the 
attachment  line  DE  and  the  flow  coming  inboard  from  the  leading -edge  AC.  Again  there  is 
the  possibility  of  separation  from  AB  and  again  the  real  flow  is  complicated  by  secondary 
separation  on  the  strake.  Ref  38  provides  data  on  a  flow  of  this  kind  also. 

If  a  calculation  method  is  to  tell  us  which  of  these  flow  patterns  actually  occurs 
on  a  particular  wing  at  a  particular  angle  of  incidence,  then  it  must  clearly  be  a 
flexible  one.  It  may  well  be  that  Hoeijmakers  technique  of  representing  double-branched 
spirals  provides  the  needed  flexibility,  but  an  alternative  approach  is  to  turn  to  the 
multiple  line-vortex  model. 

Peace24  has  implemented  a  multi-vortex  model,  in  the  slender-body  framework,  which 
incorporates  two  improvements  over  the  original  approach  of  Sacks,  et  al 5.  The  first  of 
these  is  to  allow  the  circulation  of  the  vortex  which  was  shed  most  recently  to  increase 
along  its  length.  Each  vortex  can  then  start  with  zero  circulation,  at  a  point  actually 
on  the  leading-edge  of  the  wing;  instead  of  starting  with  its  ultimate  strength  at  a  point 
near  the  leading-edge.  Moreover,  the  Kutta  condition  can  be  satisfied  at  every  point  of 
the  leading-edge,  through  the  continuously  varying  strength  of  the  most  recently  shed 
vortex.  The  first  vortex  can  be  shed  from  the  apex  of  a  delta  wing,  so  that  near  the  apex 
the  model  is  just  the  single  line-vortex  model.  As  soon  as  the  second  vortex  is  intro¬ 
duced  at  the  leading-edge,  the  first  vortex  is  no  longer  fed  with  circulation  and  convects 
with  the  local  flow.  The  second  vortex  grows  in  circulation,  so  as  to  satisfy  the  Kutta 
condition;  and  follows  a  path  which  is  determined  by  the  condition  of  zero  overall  force 
on  it  and  the  cut  which  joins  it  to  the  leading-edge.  When  the  third  vortex  is  introduced, 
the  second  is  shed,  and  so  on. 

The  second  improvement  is  to  form  a  strong  core  vortex  by  successively  amalgamating 
vortices  with  the  first  one  to  be  shed.  This  is  the  approach  successfully  used  by  Moore52 
to  delay  the  onset  of  chaos  in  evolutionary  multi-vortex  calculations.  The  usual  tech¬ 
nique  is  to  replace  the  two  vortices  with  one,  of  the  same  total  circulation,  placed  at 
their  'centroid  of  circulation*.  This  introduces  a  minor  discontinuity  into  the  evolu¬ 
tionary  process,  which  may  trigger  a  potential  instability,  peace  avoids  this  by  trans¬ 
ferring  the  circulation,  and  moving  the  vortices,  gradually,  again  making  use  of  a  condi¬ 
tion  of  zero  overall  force.  Two  minor  details  of  the  technique  are  worth  noting.  The 
initial  growth  of  each  new  vortex  is  given  by  an  asymptotic  expansion,  with  the  numerical 
integration  process  taking  over  when  the  vortex  is  a  short  distance  from  the  leading-edge. 
To  avoid  a  multiplicity  of  weak  vortices  with  a  random  distribution  of  signs  being  formed, 
vortex  formation  is  suppressed  over  any  length  of  the  leading-edge  for  which  the  Kutta 
condition  is  approximately  satisfied  by  the  existing  vortices.  This  is  important  in  the 
case  of  a  wing  with  lengthwise  camber,  to  be  considered  later. 

The  new  method  has  three  significant  advantages.  Many  vortices  can  be  shed,  to 
represent  the  flow  accurately,  without  necessarily  inducing  a  chaotic  development. 

Greater  smoothness  in  the  streamwise  development  of  the  flow  is  achieved,  though  weak 
fluctuations  remain.  The  overall  accuracy  is  greater,  because  the  flow  near  the  apex  is 
better  represented. 

Before  giving  an  example  of  the  capability  of  the  method  for  a  wing  flow,  we  note 
that  the  technique  of  allowing  each  new  vortex  to  grow  from  the  separation  line  cannot  be 
applied  to  separation  from  smooth  surfaces.  There  is  no  asymptotic  solution  for  the 
initial  growth  of  such  a  vortex  from  a  finite  point,  as  pointed  out  by  Bryson14  . 

To  illustrate  the  capability  of  this  multi-vortex  technique,  we  show  the  results, 
taken  from  Ref  24,  of  applying  it  to  a  double-delta  configuration  like  those  discussed 
above.  The  planform  is  defined  by  the  equations 
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for  the  local  semi-span,  s(x)  ,  of  the  wing.  This  corresponds  to  a  semi-angle  of  5.7° 
at  the  apex  and  a  kink  in  the  leading-edge  of  16.1°.  In  Fig  10  results  are  shown  for  an 
angle  of  incidence  of  5.7°.  Cross-sections  of  the  calculated  vortex  configuration  are 
shown  for  three  streamwise  stations,  the  first  at  the  kink.  This  shows  the  usual 
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pattern  expected  of  a  conical  vortex  sheet  solution  for  an  incidence  equal  to  the  semi- 
apex  angle.  Further  downstream,  the  vortices  being  shed  roll-up  into  a  new  core  close 
to  the  leading-edge,  leaving  those  shed  upstream  to  convect  as  a  group.  The  last  vortex 

shed  upstream  of  the  kink  just  fails  to  be  caught  up  in  the  rotating  group.  The  numbers 

beside  the  groups  of  vortices  indicate  the  total  circulation  in  the  group,  as  a  value  of 
r/U  .  The  value  of  0.48  at  the  kink  station  compares  well  with  that  of  0.47  given  by  the 
sheet  model39  (r/KUs  =  G  +  g  ■=  4.7,  K  «  0.1,  s  =  1,  in  the  notation  of  Ref  39).  The 

circulation  of  the  outboard  group  grows  quickly,  owing  to  the  lower  sweep  of  the  outboard 

leading-edge.  There  is  no  indication  of  any  appreciable  interaction  between  the  groups 
of  vortices  at  this  angle  of  incidence. 

Fig  11  shows  the  vortex  configuration  for  the  same  cross-sections  on  the  same  plan- 
form,  for  an  angle  of  incidence  of  10.3°,  nearly  twice  as  large  as  before.  Again  at 
x  3  10  we  have  the  expected  behaviour  for  a  delta  wing  -  at  this  incidence  Ref  39  gives 
r/U  =  0.98  -  with  a  larger  size  and  circulation  corresponding  to  the  increased  incidence. 
Again  the  newly  shed  vortices  downstream  of  the  kink  roll  up  in  a  separate  group,  which 
is  also  larger  and  stronger  than  before.  However,  at  this  incidence,  the  inboard  group 
of  vortices  moves  fast  enough  laterally,  under  the  influence  of  its  image  in  the  wing,  to 
interact  significantly  with  the  outboard  group.  At  x  *  17.5  the  inboard  group  is  just 
being  broken  up  by  the  interaction.  By  x  «  20,  not  reproduced  here,  the  orderly  structure 
has  been  disrupted,  with  the  capture  of  several  individual  inboard  vortices  by  the  outboard 
group.  It  should  be  pointed  out  that  many  more  individual  line-vortices  are  involved  in 
the  calculation  than  appear  in  the  final  downstream  section,  because  many  of  them  have  been 
amalgamated  in  the  cores. 

4  RELATIVE  ADVANTAGES  OF  THE  DIFFERENT  MODELS 

As  a  starting  point  for  a  comparison  of  the  advantages  of  the  three  different  models 
of  rolled-up  vortex  sheets,  it  is  helpful  to  describe  the  features  which  belong  particu¬ 
larly  to  one  of  them.  The  remaining,  shared,  features  are  then  discussed;  and  an  overall 
view  is  formed. 

The  particular  advantage  of  the  single  line-vortex  model  is  its  simplicity.  When 
implemented  in  the  slender-body  framework,  the  model  is  simple  enough  for  exact  analysis 
to  be  possible.  For  instance,  the  equations  governing  the  Bryson  model11*  of  separated 
flow  over  a  circular  cone  at  incidence  have  been  reduced  to  a  polynomial  of  the  18th 
degree,  so  that  all  solutions  can  be  found3**.  After  the  obviously  non-physical  solutions 
have  been  rejected,  a  branch  additional  to  that  found  by  Bryson  remains,  and  may  be  of 
physical  significance.  When  lateral  asymmetry  is  allowed  in  the  Bryson  model  further 
solutions  are  found1*0.  An  asymptotic  analysis  of  the  equations  is  possible,  for  large 
values  of  the  incidence  parameter  a/s  (best  thought  of  as  arising  from  small  values  of 
the  cone  semi-angle,  6  )  .  This  confirms  the  physically  realistic  asymmetric  solutions 
which  had  been  found  numerically;  and  reveals  a  second  branch,  which  turns  out  to  be 
non-physical. 

In  the  case  of  wing  problems,  asymptotic  expansions  of  the  line-vortex  model  for 
small  values  of  the  circulation  have  proved  useful.  In  particular  they  have  shed  light 
on  the  difficulty  in  finding  solutions  of  the  vortex-sheet  model  in  two  cases.  The  first 
of  these  is  the  flat-plate  delta  wing,  for  which  it  has  proved  impossible  to  find  vortex 
sheet  solutions  which  spring  from  the  leading-edge  at  very  small  values  of  the  incidence 
parameter,  a/A  ,  where  A  is  the  aspect  ratio.  Barsby41  found  solutions  in  which  the 
sheet  springs  from  the  upper  surface,  just  inboard  of  the  edge.  Examination  of  the  line- 
vortex  model  shows  that  it,  too,  predicts  a  separation  stream  surface  springing  from  the 
upper  surface,  rather  than  the  leading-edge,  when  a/A  is  small.  Asymptotic  analysis 
shows  the  same  situation  arising  on  wings  with  non-zero  thickness42.  The  second  case, 
also  discovered  by  Barsby43,  is  of  a  thin  delta  wing  with  conical  camber.  For  such  a 
wing,  the  flow  is  attached  all  along  the  leading-edge  for  a  particular  angle  of  incidence, 
aa  .  Solutions  of  the  sheet  model  could  be  found  for  a  <  aa  ,  but  not  for  a  significant 
range  of  angles  of  incidence  below  aa  ,  for  which  a  vortex  would  be  expected  to  lie 
below  the  wing.  Examination  of  the  asymptotic  expansion  of  the  line-vortex  model  snowed 
that  the  analytic  behaviour  of  the  solution  for  the  cambered  wing  is  quite  different  from 
that  for  the'  plane  wing;  and  that  no  solution  could  be  found  for  angles  of  incidence  just 
be low  a  8  • 

The  numerical  work  involved  in  applying  the  line-vortex  model  is  also  much  lighter 
than  it  is  for  the  vortex  sheet  and  multi-vortex  models.  This  would  be  useless  unless 
the  solutions  obtained  had  some  value.  One  way  in  which  the  solutions  are  of  value  is 
in  pointing  the  way  to  existence  and  uniqueness  properties  of  more  complex  models. 

Examples  of  this  ’structural  similarity'  between  the  models,  additional  to  those 
mentioned  above,  are  given  below.  Levinski  and  Wei44  calculated  flows  past  cones  with 
conical  strakes  in  the  slender-body  framework  and  found  multiple  solutions  for  a  certain 
range  of  angles  of  incidence.  The  same  behaviour  arises  for  both  the  line-vortex  model 
and  the  vortex-sheet  model,  though  the  ranges  of  incidence  are  not  the  same  for  the  two 
models.  For  a  delta  wing  with  lengthwise  camber,  placed  at  an  overall  angle  of  incidence 
such  that  the  local  geometric  incidence  falls  to  zero  at  some  lengthwise  station,  both 
the  vortex  sheet  model9  and  the  line-vortex  model  produce  unphysical  results  before  the 
station  of  zero  local  incidence  is  reached.  For  laterally  symmetric  flow  past  a  circular 
cone  at  incidence,  there  are  no  solutions  to  the  line-vortex  model  with  the  vortex  close 
to  the  separation  line  if 


a/s  <  1.5  cosec  e 


(4) 
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where  0,  is  the  elevation  of  the  separation  line  above  the  horizontal*.  Solutions  of 
the  vortex  sheet  model  have  been  found  below  this  limit25,  but  there  still  appears  to  be 
a  lover  bound  below  which  solutions  cannot  be  found.  tfhen  the  restriction  to  lateral 
symmetry  is  removed,  families  of  asymmetric  solutions  have  been  found  for  the  line- 
vortex  and  vortex- sheet 28  models.  In  fact,  the  solutions  for  the  line-vortex  model 
were  used  to  find  the  vortex-sheet  solutions. 

It  must  be  said  that  much  of  the  simplicity  of  the  line-vortex  model  is  lost  when 
the  slender-body  framework  is  replaced  by  the  Prandtl-Glauert  framework.  Although  the 
vortex  circulation  and  path  can  still  be  described  simply,  the  need  to  model  the  wake 
more  completely  than  in  treatments  of  attached  flow,  in  order  to  satisfy  the  Kutta  condi¬ 
tion  at  the  trailing-edge,  introduces  a  considerable  complexity4'15.  The  model  has  not 
proved  popular  in  this  framework. 

The  particular  advantage  of  the  multiple  line-vortex  model  is  its  flexibility.  In 
principle,  circulation  is  shed  from  the  separation  line  and  convected  with  the  local  flow. 
In  the  slender-body  framework,  techniques  following  that  description  have  been  imple¬ 
mented  and  solutions,  of  a  kind,  are  always  obtained.  The  problem  of  the  delta  wing  with 
lengthwise  camber  mentioned  above  illustrates  this  advantage  of  the  multi-vortex  model 
very  clearly.  Both  the  vortex-sheet  model  and  the  single  line-vortex  model  break  down 
because  they  are  not  sufficiently  flexible  to  represent  the  change  from  shedding  circula¬ 
tion  towards  the  upper  surface  over  the  forward  part  to  shedding  it  towards  the  lower 
surface  over  the  rearward  part.  Peace24  has  treated  the  problem  using  his  multi-vortex 
model  to  obtain  the  results  shown  in  Fig  12.  The  planform  of  the  wing  is  defined  by  the 
local  semi-span 

s ( x )  *  0.25x  .  (4a) 

The  apex  region  of  the  wing  is  at  a  uniform  positive  incidence,  given  by 

||  -  -  0.2  for  0  <  x  <  1.  (4b) 


Further  aft,  the  local  incidence  reduces  smoothly,  passing  through  zero  at  x  *  2,  after 
which  it  is  negative: 

l|  -  -  0.2(2  -  x)  for  x  >  1.  (4c) 


Fig  12  shows  sections  through  the  vortex  configuration  for  four  stations,  all  downstream 
of  the  conical  flow  region.  Note  that  only  the  region  near  the  leading-edge  la  illuatra- 
ted  at  each  station.  At  x  *  1.4,  the  multi-vortex  configuration,  shown  by  the  clrclee, 
agrees  quite  well  with  Clark's  sheet  solution9,  shown  by  the  line  and  crosa.  By  x  -  1.8 
no  further  positive  vortices  have  been  ahed,  as  indicated  by  the  unchanged  figure  for  the 
circulation  above  the  wing,  but  a  single  negative  vortex,  represented  by  a  solid  circle, 
has  just  been  shed  towards  the  lower  surface.  The  geometric  incidence  is  still  positive 
at  this  station.  Clark's  solution  also  shows  negative  circulation  being  shed,  but  the 
shape  of  the  sheet  has  begun  to  look  unrealistic,  and  the  solution  could  not  be  extended 
further  downstream.  The  multi-vortex  solution  will  go  further:  by  x  -  2.2  a  rolled-up 
system  of  negative  vortices  has  formed  below  the  wing,  though  its  strength  is  still  weak 
compared  with  the  upper  surface  vortex,  now  reduced  to  a  core  by  the  operation  of  the 
amalgamation  algorithm.  By  x  •  2.6,  the  negative  system  is  stronger  than  the  positive 
one.  Note  how  the  interaction  between  the  systems  has  drawn  both  of  them  outboard  of 
the  leading-edge.  Not  surprisingly,  the  orderly  structure  is  disrupted  in  a  relatively 
short  further  distance  downstream,  before  the  local  incidence  reaches  a  negative  value  as 
large  as  the  positive  value  at  the  apex. 

Further  evidence  of  the  flexibility  of  the  multi-vortex  method  is  provided  by  the 
calculations  for  the  double-delta  wing  shown  in  Figs  10  and  11  and  discussed  above. 

Many  calculations  of  time-dependent  planer  flows  and  of  the  evolution  of  trailing  vortex 
wakes  show  the  same  flexibility.  Hoeijmaker's  recent  work 95  ^  has  made  the  vortex-sheet 
model  more  flexible,  while  Peace's  use  of  an  amalgamation  algorithm  has  made  the  multi¬ 
vortex  model  rather  less  flexible.  The  two  models  are  perhaps  moving  towards  a  common 
capability,  but  the  multi-vortex  model  Is  still  the  more  flexible. 

Mien  the  multi-vortex  model  le  implemented  in  the  Prandtl-Glauert  framework  for 
steady,  subsonic  flow,  the  problem  becomes  elliptic.  The  simple  idea  of  shedding  and 
convecting  circulation  no  longer  applies,  since  what  is  shed  downstream  affects  the  flow 
upstream.  Considerable  Ingenuity  may  than  be  needed  to  obtain  solutions  for  flows  with 
a  simple  structure,  as  Rehbach45  and  Schroder4*  found  for  the  case  of  the  delta  wing. 

The  difficulty  is  presumably  that  the  flexibility  of  the  model  is  not  yet  matched  by  a 
corresponding  flexibility  in  the  numerical  schemes  available  to  solve  the  large  number 
of  nonlinear  simultaneous  equations  to  which  the  modal  gives  rise.  It  would  seem  worth 
trying  to  exploit  the  exietence  of  slender-body  techniques:  either  to  provide  an  initial 
guess  for  the  Newton -Raph son  method,  as  Forrester,  et  al2  dot  or  as  a  step  in  an  iterative 
method,  as  Jeppt47  has  proposed. 

For  unsteady  Incompressible  flow,  the  problem  is  again  an  evolutionary  one  and  the 
flexibility  of  the  multi-vortex  model  reappears48'49'50.  Unfortunately,  the  tendency  for 
the  motion  of  the  vortices  to  become  chaotic  alto  reappears.  It  seems  that  neither  steady 
nor  truly  periodic  solutions  have  been  produced  as  a  result  of  evolutionary  calculations, 
and,  in  their  absence,  it  Is  hard  to  assess  the  accuracy  of  the  calculations. 

•  NB  this  is  a  different  definition  of  »,  from  that  in  Fig  1. 
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The  particular  advantage  of  the  vortex-sheet  model  lies  in  the  greater  realism  with 
which  it  describes  separation  from  a  line  on  a  smooth  surface.  As  indicated  earlier,  the 
theory  used  by  Fiddes*5  to  calculate  the  position  of  laminar  separation  on  a  cone  requires 
the  strength  of  the  singular  behaviour  of  the  inviscid  solution  at  the  separation  line. 
This  can  only  be  found  from  a  vortex-sheet  model.  Even  if  it  is  not  intended  to  predict 
the  position  of  the  separation  line,  it  still  seems  unlikely  that  reasonable  accuracy  can 
be  obtained  without  treating  the  inviscid  flow  near  the  separation  line  adequately.  The 
sketches  of  Fig  4  show  the  sort  of  qualitative  difference  that  can  arise.  As  an  extreme 
example  of  the  quantitative  differences  between  the  predictions  of  the  vortex-sheet  model 
and  the  predictions  of  the  single  line-vortex  model,  we  have  Fig  18,  which  is  discussed 
in  detail  later.  The  discrepancy  is  far  greater  than  that  for  flows  over  wings. 

The  common  advantage  of  the  vortex-sheet  and  multi-vortex  models  over  the  line- 
vortex  model  is  that  they  both  offer  a  closer  approximation  to  the  infinite  Reynolds 
number  limit  of  the  real  flow.  As  would  b*  expected,  they  almost  always  give  closer 
agreement  with  measurements  at  finite  Reynolds  number.  As  between  these  two  models,  the 
remaining  advantages  are  less  clear  cut.  In  the  terminology  of  panel  methods,  the  sheet 
model  is  a  higher-order  method.  Consequently  it  gives  greater  accuracy  for  a  similar 
number  of  elements,  with  the  ability  to  predict  a  smooth  behaviour  of  the  flow.  On  the 
other  hand,  the  programming  effort  involved  in  the  sheet  method  is  greater,  and  computing 
time  for  the  same  member  of  elements  should  also  be  greater.  At  present  no  comparison 
can  be  made  on  the  basis  of  computing  time  for  the  same  accuracy,  but  the  multi-vortex 
method  must  involve  more  storage  space.  If  it  is  desired  for  some  reason  to  represent 
many  turns  of  a  rolled-up  configuration,  the  vortex-sheet  model  has  an  advantage,  because 
a  multi-vortex  calculation  is  likely  to  be  disrupted  by  vortices  from  adjacent  turns 
pairing-off  and  rotating  round  one  another. 

A  large  potential  advantage  of  a  multi-vortex  model  in  the  subsonic  Prandtl-Glauert 
framework  is  that  it  might  well  predict  vortex  breakdown.  In  fact  Aparimov,  et  al 51 
claim  that  the  failure  of  their  multi-vortex  model  to  converge  at  a  large  angle  of 
incidence  is  related  to  vortex  breakdown  in  the  real  flow.  Rehbach,  aiming  particularly 
at  the  calculation  of  unsteady  incompressible  flow,  has  introduced52  a  Lagrangian  model 
based  on  the  vorticity  equation,  which  has  some  resemblance  to  a  multi-vortex  model. 

The  outcome  is  a  set  of  streak-lines  which  spring  from  the  separation  line,  in  a  direct 
simulation  of  Merle's  famous  dye-lines.  Rehbach  also  claims5*  that  the  disorganization 
of  the  calculated  streak-lines  near  the  axis  of  the  vortex  corresponds  to  vortex  break¬ 
down.  It  should  also  be  possible  to  predict  at  least  the  initial  occurrence  of  vortex 
breakdown  using  the  vortex-sheet  model  in  combination  with  a  technique  like  that  of 
Hall54  for  calculating  the  flow  in  an  axisymmetric  core  of  distributed  vorticity.  By 
averaging  the  predictions  of  the  vortex-sheet  model  in  the  circumferential  direction,  the 
inward  flow  of  mass  and  circulation  to  the  core  and  the  pressure  distribution  along  it 
could  be  obtained.  These  are  the  boundary  conditions  required  for  the  core  calculation, 
which  would  in  turn  supply  a  displacement  effect  along  the  axis  of  the  vortex  in  the 
rheet  model.  So  far  as  the  prediction  of  breakdown  is  concerned,  it  cannot  be  said  that 
either  model  has  the  demonstrated  capability,  nor  that  either  is  incapable.  It  may  well 
be  that  a  direct  attack  on  the  Euler  equations,  like  the  one  Rizzi  is  going  to  describe55, 
will  provide  the  best  approach  to  the  problem. 

In  summary,  if  a  method  of  useful  accuracy  is  required,  the  choice  is  between  the 
vortex-sheet  and  multi-vortex  models.  For  separation  from  smooth  surfaces,  the  sheet 
model  is  preferable.  If  the  same  program  is  required  to  calculate  very  different  vortex 
structures  with  minimal  changes,  the  multi-vortex  model  is  preferable.  The  line-vortex 
model  has  a  useful  role  to  play  in  initial  investigations  and  in  suggesting  the  underlying 
structure  of  families  of  solutions  of  the  more  realistic  models. 

5  vmy  modelling? 

Since  these  models  all  lead  to  such  complexities  and  still  fall  short  of  a  proper 
description  of  the  behaviour  of  the  fluid,  we  must  ask  whether  it  is  worthwhile  pursuing 
them  further.  After  all,  solutions  of  the  Navier-Stokes  equations  and  the  Euler  equations 
by  field  methods  are  becoming  available  and  must  eventually  became  the  accepted  methods 
for  making  quantitative  predictions  about  vortex  flows.  Nonetheless,  I  believe  it  is 
worth  continuing  with  modelling  techniques.  In  support  of  this  view,  I  have  first  some 
very  general  remarks,  which  can  conveniently  be  put  as  quotations,  and  then  an  account 
of  how  modelling  has  recently  helped  with  a  particularly  intractable  problem. 

To  start  with,  here  is  a  quotation  from  a  lecture56  given  by  James  Lighthill  to  the 
Royal  Aeronautical  Society,  when  he  was  Director  of  the  RAE.  He  is  speaking  of  the  role 
of  mathematics  in  generating  physical  ideas. 

"Examples  of  this  mathematically  generated  kind  of  physical  idea,  which  I  have 
already  mentioned,  are  trailing  vorticity,  boundary  layer,  dynamic  stability  and  Nyquist 
diagram. 

The  value  of  physical  ideas  in  practical  work,  of  course,  is  their  elasticity. 
Provided  that  they  are  sound  Ideas,  such  as  those  thrown  up  as  the  genuinely  appropriate 
physical  description  of  the  mathematical  solution  of  some  well  defined  class  of  problem, 
they  usually  show  a  splendid  capacity  to  stand  up  to  distortions  of  the  problem,  and 
Indeed  to  radical  changes  and  complications  in  Its  conditions,  and  still  give  the  right 
guidance  about  what  needs  to  be  done.  In  other  words,  a  well  designed  physical  idea  has 
wide  elastic  limits,  and  will  tolerate  being  pulled  and  twisted  about,  and  go  on  giving 
good  service  in  suggesting  the  right  experiment,  or  tlte  way  out  of  such  and  such  a 
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difficulty,  or  in  giving  someone  a  feeling  that  he  is  not  just  dismally  accumulating  a 
confused  mass  of  experimental  data,  but  there  is  some  thread  running  through  them  which 
gives  them  meaning  and  interest.  Naturally,  then,  these  ideas  are  much  in  demand,  and 
when  we  came  to  a  new  kind  of  problem,  where  we  are  short  of  physical  ideas  because  none 
of  the  old  ones  that  we  are  accustomed  to  seems  to  give  any  help  in  solving  it,  then  we 
can  only  hope  that  someone  will  come  along  with  a  mathematical  treatment  of  some 
appropriately  simplified,  although  possibly  also  generalised  case,  and  interpret  its 
solution  by  introducing  a  new  animal  into  the  200  of  useful  aeronautical  concepts,  prefer¬ 
ably  a  well-behaved  beast,  which  all  of  us  will  in  due  course  be  able  to  ride  as  to  the 
manner  born,  probably  ignoring,  if  we  are  not  mathematicians,  what  kinds  of  technique 
were  used  to  lick  him  into  shape." 

Lighthill  went  on  to  discuss  the  role  of  mathematics  in  getting  actual  answers. 

Now  for  a  quotation  from  the  final  section  of  Dietrich  Kuchemann's  book57  on  the 
aerodynamic  design  of  aircraft. 

"Above  all,  it  is  such  conceptual  frameworks  which  enable  us  to  formulate  intelligent 
ways  of  modifying  and  controlling  our  part  of  human  endeavours.  Ideas  and  concepts  come 
out  of  the  mind,  not  out  of  computers  or  wind  tunnels.  If  there  is  one  overriding  purpose 
throughout  these  notes,  above  all  others,  it  is  to  demonstrate  the  continued  need  for  con¬ 
ceptual  frameworks  and  for  understanding  the  physics  of  airflows  in  any  work  on  aerody¬ 
namic  design." 

Finally,  because  I  have  not  found  a  better  way  to  express  the  idea  since,  a  quota¬ 
tion  from  a  previous  AGARD  paper58  of  my  own. 

"The  philosophical  argument  naturally  concerns  ends  rather  than  means.  If  our  aim 
is  to  reproduce  our  bit  of  the  real  world  in  a  computer,  then  the  solution  of  the  Navier- 
Stokes  equations  is  a  possible  approach,  at  least  for  laminar  flows.  We  may  hope  to 
obtain  more  precise  information,  more  quickly  and  more  cheaply  than  by  making  measurements 
in  real  fluids,  and  this  is  well  worth  doing.  However,  as  scientists  we  wish  to  understand 
things,  and  as  engineers  we  wish  to  alter  things.  In  both  of  these  processes  the  acquisi¬ 
tion  of  data  needs  to  be  accompanied  by  the  growth  of  conceptual  frameworks  which  can 
account  for  the  data  we  already  have  and  show  us  where  more  is  needed.  it  is  such  concep¬ 
tual  frameworks  which  enable  us  to  formulate  intelligent  ways  of  modifying  and  controlling 
our  bit  of  the  universe.  They  are  built  of  models,  some  far-reaching  and  all-embracing, 
but  some  quite  special.  I  do  not  see  the  need  for  special  models  disappearing  in  our 
field.  In  particular,  I  expect  the  distinction  between  the  external  inviscid  flow  and  the 
boundary  layer,  on  which  the  science  of  aerodynamics  has  been  built,  to  continue,  supple¬ 
mented  locally  by  special  models  of  separation  phenomena." 

These  quotations  put  the  abstract  case  for  modelling  very  clearly,  but  they  do  not 
provide  much  in  the  way  of  illustration.  It  is  therefore  appropriate  to  turn  to  a  descrip¬ 
tion  of  some  recent  work  with  two  of  the  models  that  have  formed  the  basic  theme  of  this 
paper,  work  that  has  significantly  increased  our  understanding  of  some  baffling  observa¬ 
tions.  These  observations  are  of  the  lack  of  expected  symmetry  in  flows  past  bodies  at 
large  angles  of  incidence,  leading  to  very  significant  out-of-plane  forces  on  missiles  and 
to  large  yawing  moments  on  aircraft S9.  The  work  is  that  described  by  Flddes28  at  the 
Trondheim  meeting  last  year,  using  first  the  line-vortex  model  and  then  the  vortex-sheet 
model,  and  in  each  case  showing  the  existence  of  a  second  family  of  solutions  which 
produce  large  out-of-plane  forces  on  circular  cones.  I  shall  conclude  by  suggesting 
that  the  simplifications  implicit  in  the  models  have  actually  helped  to  bring  about  the 
increased  understanding. 

Both  models  are  implemented  in  the  framework  of  slender-body  theory  and  applied  to 
flow  past  circular  cones  at  incidence.  The  line-vortex  model  is  then  simply  the  one  which 
was  devised  by  Bryson11*  :  the  only  change  is  that  the  port  and  starboard  vortices  are 
allowed  to  lie  asymmetrically  about  the  incidence  plane  and  to  have  different  circula¬ 
tions,  and  that  the  separation  lines  are  also  allowed  to  be  asymmetrically  placed.  The 
model  is  entirely  inviscid,  so  the  positions  of  the  separation  lines  must  be  supplied  to 

it.  The  separation  lines  are  supposed  to  be  generators  of  the  cone.  The  entire  geometry 

is  then  conical,  so,  since  slender-body  theory  is  used,  the  existence  of  a  conical  flow 
solution  la  to  be  expected.  This  means  that  the  solution  sought  depends  on  three 
parameters:  the  angular  positions  of  the  two  separation  lines  round  the  circumference  of 
the  cone,  and  an  incidence  parameter,  a/6  ,  which  is  the  ratio  of  the  angle  of  incidence, 
ex  ,  to  the  semi-apex  angle  of  the  cone,  6  .  The  entire  flow  field  can  be  written  down 
in  terms  of  these  three  parameters  and  six  unknown  quantities:  the  two  coordinates  and 
the  circulation  of  each  of  the  two  vortices.  Six  conditions  are  available  to  determine 
these  six  unknowns:  a  Kutta  condition  at  each  separation  line,  and  the  vanishing  of  the 
two  cross-flow  components  of  the  overall  force  on  the  combination  of  each  vortex  and  the 

cut  which  joins  it  to  the  appropriate  separation  line.  The  original  form  of  the  Kutta 

condition  is  retained. 

The  equations  expressing  the  two  Kutta  conditions  are  linear  in  the  two  circula¬ 
tions  and  so  can  be  solved  for  them.  The  expressions  which  result  can  be  substituted 
into  the  remaining  four  equations,  which  are  then  extremely  nonlinear  in  the  four 
coordinates  of  the  vortices.  A  generalized  Newton -Raphson  technique  is  used  to  solve 
these  equations.  The  results  are  most  easily  understood  by  concentrating  on  the  case  in 
which  the  two  separation  lines  are  placed  symmetrically  with  respect  to  the  incidence 
plane,  so  that  the  solutions  depend  only  on  the  separation  line  position  and  the  inci¬ 
dence  parameter.  Fig  I3a»b  shows  the  variation  of  the  two  coordinates  of  the  starboard 
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vortex,  as  the  incidence  parameter  increases,  for  separation  lines  which  are  e#  *  56° 
round  from  the  'horizontal*  plane  through  the  axis  of  the  cone.  The  coordinates  are 
referred  to  horizontal  and  vertical  axes  in  the  cross-flow  plane,  with  origin  on  the 
cone  axis.  For  small  values  of  the  incidence  parameter,  no  solutions  have  been  found. 

For  values  above  the  limit  of  1.81,  given  by  equation  4),  Bryson's  symmetric  solutions 
appear.  No  others  have  been  found  until  the  point  B  on  the  symmetric  solution  curve 
is  reached.  Here  the  solution,  as  a  function  of  a/6  ,  bifurcates  in  the  classical 
manner,  with  the  Jacobian  matrix  becoming  singular.  Two  further  solution  branches  exist 
for  larger  values  of  a/6  and  these  are  mirror  images  in  the  incidence  plane.  It  is 
only  the  intersection  at  B  in  Fig  13  which  represents  a  bifurcation;  at  the  other  inter¬ 
sections  only  one  of  the  two  coordinates  agrees. 

It  is  easier  to  appreciate  the  solutions  when  the  loci  of  the  vortices  are  plotted 
in  the  cross-flow  plane  for  varying  values  of  the  incidence  parameter.  Fig  14  shows  the 
symmetric  solution  and  one  of  the  asynanecric  solutions  for  values  of  a/6  between  3  and 
10,  and  a  rather  earlier  separation  position,  e#  =  40°.  It  is  necessary  to  check  that 
the  flow  on  the  surface  of  the  cone  does  actually  converge  towards  the  postulated  separa¬ 
tion  lines,  since  the  equations  are  equally  well  satisfied  by  attaching  flows.  It  turns 
out  that  the  solutions  are  physically  sensible  for  values  of  a/6  up  to  a  value  rather 
greater  than  the  largest  in  Fig  14.  Since  the  slender-body  framework  assumes  the  incidence 
is  small,  such  large  values  of  a/6  would  be  irrelevant  for  practical  configurations. 

Fig  15  shows  the  asymmetry  in  the  circulation  of  the  vortices,  the  strength  of  each 
being  referred  to  the  strength  of  the  vortices  in  the  symmetric  solution  for  the  same 
value  of  a/6  .  The  range  of  values  of  a/6  does  not  extend  downward  as  far  as  the 
bifurcation  point,  so  the  curves  do  not  start  with  a  common  value  of  unity,  as  they  should. 
In  view  of  the  very  different  loci  shown  in  Fig  14,  it  is  somewhat  surprising  that  the 
circulations  of  the  asymmetric  vortices  are  not  more  different  from  one  another  and  from 
those  of  the  symmetric  vortices.  It  is  well  known  that  slender-body  theory  tends  to  over¬ 
predict  lifting  forces  and  the  line-vortex  model  also  tends  to  overpredict  the  nonlinear 
contributions.  Therefore,  to  make  a  comparison  with  force  measurements,  the  ratio, 

Cy/Cu  ,  of  side  force  to  normal  force  is  presented  in  Fig  16.  The  separation  lines  are 
still  symmetrically  placed  at  the  arbitrarily  selected  value,  0S  =  40°.  The  theoretical 
curve  needs  no  explanation,  since  it  arises  directly  from  the  asymmetric  solutions  des¬ 
cribed  .  The  experimental  points  are  taken  from  the  measurements  by  Keener,  et  cZ*0. 

Each  point  represents  the  largest  value  of  Cy/Cu  measured  at  that  particular  angle  of 
incidence,  so  the  roll  angle  and  Reynolds  number  may  be  different  for  the  different 
points.  The  agreement  with  observation  is  striking  in  view  of  the  simplicity  of  the 
model  and  the  framework. 

It  is  clear  that  asymmetric  effects  comparable  with  those  observed  can  be  produced 
by  an  entirely  inviscid  mechanism,  separation  having  been  fixed  symmetrically  in  the  cal¬ 
culations.  To  make  it  clear  that  this  mechanism  is  the  relevant  one,  a  further  step  is 
needed.  As  explained  above,  the  model  allows  the  positions  of  the  separation  lines  to  be 
chosen  freely,  but  so  far  the  results  presented  have  been  for  separation  lines  placed 
symmetrically  about  the  incidence  plane.  Solutions  for  asyrwnetrically  placed  separation 
lines  can  be  obtained  by  proceeding  in  small  steps  from  either  a  symmetric  solution  or 
an  asymmetric  solution  with  symmetric  separation  lines.  Obviously  all  the  solutions 
obtained  in  this  way  are  asymmetric,  but  they  fall  into  two  distinct  families:  the  first 
family  derives  from  solutions  which  are  symmetric  when  the  separation  lines  are  symmetric; 
th©  second  derives  from  solutions  which  are  asymmetric  when  the  separation  lines  are 
symmetric.  The  importance  of  the  second  family  can  be  confirmed  by  examining  the  level 
of  side  force  produced  by  the  first  family.  Fig  17  shows  typical  values  of  the  ratio  of 
side  force  to  normal  force  that  correspond  to  solutions  of  the  first  family,  for  an 
incidence  parameter  of  3.5.  For  this  value  of  the  incidence  parameter.  Fig  16  shows  the 
experimental  value  is  0.75,  so  the  calculated  values  In  Fig  17  are  smaller  by  an  order  of 
magnitude.  The  abscissa  in  the  figure  is  the  degree  of  asymmetry  in  separation  line  posi¬ 
tion,  and  the  curves  are  drawn  for  fixed  positions  of  one  of  the  separation  lines.  it  is 
concluded  that  the  second,  globally  asymmetric,  family  of  solutions  is  needed  to  produce 
the  observed  results  on  cones,  and  that  it  is  capable  of  generating  side  forces  of  the 
right  order. 

The  vortex-sheet  model  has  subsequently  been  applied  to  the  same  configuration,  in 
the  same  framework.  This  offers  two  advantages:  an  Increase  in  accuracy,  and  the  possi¬ 
bility  of  extending  the  calculation  to  the  prediction  of  laminar  separation,  as  previously 
demonstrated25  for  the  symmetrical  case.  So  far,  however,  the  vortex-sheet  model  has  been 
used  with  specified  separation  lines,  in  the  same  way  as  the  line-vortex  model.  The 
asymmetric  solutions  of  the  line-vortex  model  were  only  found  after  a  long  search,  but  it 
was  hoped  that  they  would  provide  a  good  starting  point  from  which  to  seek  solutions  of  the 
vortex -sheet  model.  In  fact,  the  search  for  sheet  solutions  took  even  longer. 

Fig  18  shows  one  of  those  found,  with,  on  the  left,  the  syvroetrlc  solutions  for  the 
same  incidence  parameter  and  separation  line  position.  For  comparison,  the  positions  of 
the  line-vortices  in  the  corresponding  solutions  for  the  simpler  model  are  shown  by  solid 
circles.  For  the  symmetric  solutions  on  the  left,  the  difference  between  the  core  posi¬ 
tions  for  the  two  models  is  not  much  greater  than  that  familiar  from  solutions  for  delta 
wings,  and  of  a  similar  form.  However,  the  asymmetric  solutions  on  the  right  seem  scarcely 
related.  This  may  be  a  rather  extreme  example  -  the  starboard  llne-vortex  has  moved 
initially  downwards  and  outboard  from  the  bifurcation  point  -  but  the  differences  between 
the  asymmetric  vortex  positions  predicted  by  the  two  models  are  generally  large.  This 
explains  why  it  was  hard  to  find  the  vortex-sheet  solutions,  but  indicates  that  the  effort 
was  probably  worthwhile.  The  starboard  sheet  in  the  asymmetric  solution  is  very  similar 
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in  appearance#  and,  in  turns  out,  in  structure,  to  the  symmetric  sheets;  but  the  port 
sheet  is  quite  different.  In  shape  it  is  like  the  conical  trailing  vortex  sheet  calcula¬ 
ted  by  Jones61,  and  its  structure  is  also  similar  in  that  only  a  small  part  of  the  total 
circulation  lies  in  the  core,  with  the  bulk  of  it  on  the  sheet.  Fig  19  shows  a  vapour- 
screen  photograph  due  to  Peake,  et  a l 62  of  the  flow  over  a  circular  cone  at  a  similar 
value  of  the  incidence  parameter,  in  which  the  vortices  are  visible  as  dark  regions. 

There  is  clearly  a  remarkable  resemblance  between  the  calculated  solution  and  the  visualisation  of  the 
flow. 


Ref  28  also  includes  a  comparison  of  the  forces  predicted  by  the  vortex-sheet  model 
with  those  measured  in  some  unpublished  work  by  Mundell  at  RAE.  The  positions  of  the 
straight,  laminar  separation  lines  were  measured  along  with  the  forces,  with  the  flow 
tripped  at  the  apex  by  a  tiny  protuberance.  Great  care  was  taken  to  ensure  that  measured 
forces  arose  from  a  region  of  approximately  conical  flow.  The  live  portion  of  the  model 
is  a  circular  cone  of  10°  semi-apex-angle,  with  a  length  of  29 2  nan.  Forces  were  measured 
over  a  range  of  Reynolds  numbers  in  a  low-speed  wind  tunnel,  for  a  continuously-varying 
roll  angle.  The  values  chosen  for  comparison  correspond  to  the  largest  Reynolds  number 
for  which  the  boundary  layer  at  separation  is  wholly  laminar,  and  to  the  roll  angle  for 
which  the  side  force  is  greatest.  At  an  angle  of  incidence  of  36°,  the  observed  separa¬ 
tion  lines  lay  in  the  'horizontal'  reference  plane  on  one  side  and  14°  above  it  on  the 
other  side.  (It  is  worth  noting  in  passing  that  this  degree  of  asymmetry  in  the  separa¬ 
tion  line  position  is  small  compared  with  the  range  considered  in  Fig  17.)  Any  calcula¬ 
ted  solution  with  these  separation  lines  must  be  asymmetric?  but  there  is  again  a  distinc¬ 
tion  between  a  first  family  of  solutions  which  derive  from  a  symmetric  solution  and  a 
second  family  whose  members  derive  from  solutions  which  are  asymmetric  even  when  their 
separation  lines  are  symmetric.  The  solutions  from  the  first  and  second  families,  for  the 
experimental  value  of  the  incidence  parameter  and  measured  separation  positions,  are 
illustrated  in  Fig  20.  The  table  below  shows  seme  details  of  these  solutions  and  a  com¬ 
parison  of  the  forces. 


First 

lamily 

Second 

family 

Experiment 

Total  circulation 

left 

right 

-13.7 

16.0 

-13.9 

14.0 

Core  circulation 

left 

0.64 

0.80 

Total  circulation 

right 

0.60 

0.25 

c  Y/t2 

-1.5 

-19.7 

-17.6 

Vs2 

36.8 

36.8 

27.0 

The  table  shows  first  that  the  circulations  of  all  the  vortices  are  similar,  despite  the 
very  different  shapes  of  those  in  the  second  family  solution.  However,  the  different 
shapes  are  accompanied  by  a  difference  of  structure;  most  of  the  left-hand  vortex  circula¬ 
tion  is  in  its  core,  and  most  of  the  right-hand  vortex  circulation  is  on  the  sheet.  The 
force  coefficients  are  baaed  on  the  plan  area  of  the  cone?  each  is  divided  by  52  to 
bring  it  to  a  similarity  form.  The  side  force  in  the  first  family  is  smaller  than  that 
measured  by  an  order  of  magnitude,  but  the  second  family  prediction  is  close,  considering 
it  is  based  on  slender-body  theory.  The  normal  force  is  almost  the  same  for  the  two  solu¬ 
tions  and  much  larger  than  the  measurement.  The  discrepancy  is  not  surprising,  since  the 
slender-body  framework  relies  on  the  angle  of  incidence,  36°  in  the  experiment,  being 
small.  There  can  be  little  doubt  that  the  solution  from  the  second  family  corresponds  to 
the  experimental  situation. 

The  success  of  this  work  in  explaining  the  origin  of  the  large  side  forces  measured 

on  circular  cones  at  angles  of  incidence  greater  than  the  apex  angle  is  very  significant, 

but  it  is  only  the  first  step  in  the  process  of  explaining  the  observations  of  side  force 
on  practical  aircraft  and  missile  shapes.  For  instance,  in  a  conical  flow  the  local  side 
force  coefficient  is  the  same  along  the  whole  length  of  the  cone,  whereas  the  oscillatory 
variation  of  the  local  side  force  along  the  length  of  an  ogive -cylinder  is  well  known . 
Moreover,  a  significant  level  of  side  force  arises  on  an  ogive-cylinder  at  angles  of  inci¬ 
dence  too  small  in  relation  to  its  apex  angle  for  the  second  family  of  solutions  to  exist 
at  the  apex.  However,  the  work  has  Identified  one  mechanism  which  must  exert  an  important 
influence  on  the  aerodynamics  of  slender  pointed  bodies.  Before  it  there  was  only  con¬ 
jecture  about  the  origin  of  out-of-plane  force.  After  it,  one  origin  is  clear. 

I  think  this  is  the  first  time  that  vortex  modelling.  In  the  sense  used  in  this 

paper,  has  actually  told  us  something  we  did  not  know  before.  After  decades  of  trailing 
behind  experimental  observation  and  measurement,  models  have  at  least  repaid  our  efforts 
by  telling  us  something  about  the  real  world. 

Obviously  we  should  be  trying  to  overcome  the  limitations  of  models,  and  much  of 
this  paper  has  been  devoted  to  efforts  to  do  so.  However,  there  is  a  sense  in  which  the 
very  limitations  of  the  models  used  can  contribute  to  the  clarity  of  the  outcome.  It  is 
the  need  to  supply  the  separation  lines  to  the  inviscld  model  which  forces  the  isolation 
of  the  large-scale  asymmetry  of  the  second  family  from  the  small-scale  asymmetry  of  the 
first  family.  It  is  the  consideration  of  conical  flow  which  concentrates  attention  on 
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the  flow  at  the  apex  of  the  body,  it  la  the  use  of  the  simplest  possible  model  which 
reduces  the  behaviour  of  the  solution  from  being  that  of  a  three-dimensional  continuum, 
as  is  the  case  when  the  steady  Euler  or  Navier-Stokes  equations  are  solved,  to  a  depend¬ 
ence  on  four  numbers,  the  coordinates  of  the  line-vortices;  and  so  makes  it  possible  to 
contemplate  a  systematic  search  for  solutions. 

It  is  too  much  to  hope  that  second  family  solutions,  even  with  a  more  appealing 
name,  will  ever  come  to  figure  alongside  ’boundary  layer'  and  'trailing  vortex'  in  a  list 
of  concepts  given  by  mathematics  to  aeronautics,  but  they  do  encourage  us  to  keep 
modelling. 
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Fig  1  Variation  of  laminar  separation  position  on  a 
circular  cone  with  a  scaled  Reynolds  number 
(Fiddes25) 


♦  Observed  cor* 
position  (Ref  3| ) 

•  Calculated  coro 
position 


Fig  2  Observed  core  position  on  a  circular  cone  com* 
pared  with  vortex-sheet  calculation  for  same, 
laminar,  separation  position  (Fiddes25) 
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Fig  4  Effect  of  different  Kutta  conditions  on 
conical  streamline  patterns  (sketch  only) 
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Fig  6  Shape  of  vortex  sheet  on  double-delta  wing 
with  moderate  change  In  sweep-back  angle 
(sketch) 


Fig  5  Shape  of  vortex  sheet  on  double-delta  wing 
with  snail  change  in  sweep-back  angle 
(sketch) 


Fig  7  Surface  streamline  pattern  on  double-delta 
wing  with  moderate  change  In  sweep-back 
angle  (sketch) 


Fig  8  Possible  forms  for  inboard  vortex  sheet 

( - )  and  stream  surface  ( - ) 

(sketch) 
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Fig  10  Calculated  vortex  configuration  on  double¬ 
delta  wing  at  low  incidence  (Peace24) 
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Fig  9  Surface  streamline  pattern  on  double-delta 
wing  with  attached  flow  on  outboard  panel 
(sketch) 
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«-ia  H  Calculated  vortex  configuration  on  double¬ 

delta  wing  at  higher  incidence  (Peace2**) 


Fig  12  Calculated  vortex  configuration  on  delta 
wing  with  lengthwise  camber 
( - ,  ♦  Clark9;  o,e  Peace2*) 


Fig  17  Effect  on  side  force  of  asymmetry  in 

separation  line  position  for  first  family 
of  line-vortex  solutions28 


(b)  <*/0c«  3.2 


Fig  19  Shadowgraph  of  vortex  configuration  on 
circular  cone,  from  behind  the  base 
(Peake,  et  al ®2) 


Fig  18  Symmetric  and  asymmetric  solutions  with 
symmetric  separation  lines;  vortex 
sheet28  and  line-vortex4®  solutions 


Fig  20  First  (left)  and  second  (right)  family 
solutions  for  observed,  laminar,  separa¬ 
tion  lines28 
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COMPUTATIONAL  VORTEX  FLOW  AERODYNAMICS 

H.W.M.  Hoeijmakers* 

National  Aerospace  Laboratory  NLR 
Anthony  Fokkerveg  2 
1059  CM  AMSTERDAM 
The  Netherlands 


-^A  review  is  presented  of  computational  methods  for  the  determination  of  the  characteristics  of  vorti¬ 
cal  type  flows  occurring  in  aircraft  aerodynamics.  The  review  covers  primarily  computational  methods  for 
:omputing  the  downstream  development  of  vortex  wakes  and  methods  for  computing  the  characteristics  of  con¬ 
figurations  with  leading-edge  and  strake  vortices.  The  various  computational  methods  in  use  at  present  are 
Liscussed  in  some  detail.  The  possibilities  and  limitations  of  the  methods  are  indicated  and  results  of 
tifferent  methods  are  compared  and  discussed. 

Prospects  for  improving  existing  computational  methods  and  promising  new  develrnments  are  identified. 


1 .  INTRODUCTION 

In  aerodynamics  vortical  type  of  flows  usually  arise  from  some  form  of  flow  separation  (Refs  1,  2). 
The  relatively  large-aspect -ratio  wings  of  subsonic  and  transonic  transport  aircraft  are  designed  such 
that  boundary- layer  type  of  separation  occurs  in  relatively  1  regions  only.  For  this  type  of  configu¬ 
rations  vortical-type  flows  occur  primarily  in  the  tip  region  of  wings,  deployed  flaps,  extended  slats  and 
in  the  wake.  In  the  rolling-up  wake  the  trailing  vorticity  becomes  concentrated  into  two  or  more  vortex 
cores.  Usually  the  details  of  the  wake  have  only  a  minor  influence  on  the  pressure  distribution  on  the 
generating  airplane  itself,  leading  to  a  simplified  treatment  in  classical  wing  theory  (e.g.  Ref.  3), 
panel  methods  for  linearized  flow  (e.g.  Ref.  4)  and  current  computational  transonic  potential  flow  methods 
(e.g.  Ref.  5).  However,  the  strong  and  persistent  trailing  vortex  system  of  large  transport  aircraft  has 
proven  to  form  a  possible  hazard  for  other  air  traffic,  which  has  resulted  in  the  present  stringent  rules 
imposed  on  air  traffic  involving  large  planes.  The  most  important  vortex  flow  problems  for  large-ratio 
wings  are  formed  by  the  interaction  of  the  rolling-up  wake  of  an  extended  slat  with  the  flow  over  the  main 
wing  component,  the  interaction  of  the  wake  of  the  wing  with  the  flow  about  deployed  flaps  and  to  a  lesser 
extent  the  flow  near  the  wing  tip  and  the  interaction  of  the  wake  of  the  wing  and  the  flow  about  the  tail. 
In  off-design  conditions  boundary-layer  separation  may  result  into  a  complicated  and  usually  unsteady 
vortical  flow  pattern  which  may  be  related  to  the  occurrence  of  buffet. 

Vortex  flow  associated  with  flow  separation  from  leading,  side  and  trailing  edges  plays  an  important 
role  in  the  high-angle-of-attack  aerodynamics  of  various  modern  fighter  aircraft  (e.g.  Ref.  6).  Examples 
are  aircraft  designed  for  high  speed  employing  the  slender-wing  concept  with  highly  swept  and  aerodynami- 
cally  sharp  leading  edges  and  aircraft  designed  for  maneuvering  employing  the  strake-wing  concept  or  the 
close-coupled  canard  concept.  For  these  configurations  the  introduction  of  sharp  edges  results  in  a  flow 
structure  that  is  "controlled1*,  i.e.  steady  and  stable  and  maintainable  within  a  wide  range  of  Reynolds 
number,  Mach  number,  angle  of  attack,  etc.  The  pressure  distribution  associated  with  the  vortex  flow  is 
such  that  the  convential  type  of  ( "uncontrolled" )  boundary-layer  type  of  separation  is  delayed  to  a  higher 
angle  of  attack.  Moreover  the  lift  increases  more  rapidly  with  angle  of  attack  than  in  absence  of  vortex 
flows,  resulting  in  a  substantial  increase  in  lift  capability.  A  limit  to  the  favourable  effects  is 
reached  when  large-scale  vortex  breakdown  occurs  above  the  wing.  Since  the  attached  flow  theories  commonly 
used  in  present-day  design  procedures  are  inadequate  to  predict  the  characteristics  of  configurations 
employing  vortex  flow,  the  design  of  these  configurations  has  been  almost  entirely  empirical.  In  these 
circumstances  the  resulting  aircraft  geometry  is  inevitable  the  result  of  extensive  and  costly  cut-and-try 
type  of  wind-tunnel  tests,  including  measurement  of  detailed  surface  pressure  distributions.  If  the  vortex 
lift  capabilities  of  alender-ving,  strake-wing  and  canard-wing  configurations  are  to  be  fully  understood 
and  utilized  a  detailed  knowledge  and  adequate  mathematical  modeling  of  this  type  of  flow  is  required.  It 
is  in  this  area  that  computational  methods,  able  to  predict  the  detailed  structure  of  the  flow  field,  chn 
make  a  major  contribution.  This  contribution  consists  in  reducing  the  number  of  configurations  to  be  con¬ 
sidered  for  wind-tunnel  testing  and  by  guiding  the  designer,  possibly  with  the  aid  o T  an  automated  optimi¬ 
zation  procedure,  towards  a  more  optimal  design.  (See  reference  7  for  a  general  discussion  of  applying 
computational  aerodynamics  in  design  and  reference  8  specific  for  a  possible  role  in  high-angle-of-attack 
aerodynamics. ) 

Another  fascinating  flow  problem  is  the  vortex  flow  associated  with  flow  separation  from  smooth 
slender  bodies,  pertinent  to  aircraft  noses  and  missiles  (Refs  2  and  6).  At  low  incidences  the  flow 
separates  symmetrically  and  a  synaetric  flow  pattern  occurs.  At  higher  incidences  the  flow  may  still 
separate  nearly  symmetrically  (or  forced  to  do  so),  however,  the  flow  may  lock  into  an  asymnetric  flow 
pattern  or  even  switch  occasionally  from  one  asymetric  pattern  to  another  one  (Ref.  9).  This  asyasetric 
flow  pattern  is  accompanied  by  lateral  forces  of  the  same  order  of  magnitude  as  the  normal  force,  which 
especially  in  case  of  a  switching  pattern  may  cause  guidance  and  control  problems .  Prediction  methods  for 
these  vortex  flows  will  necessarily  also  have  to  exhibit  multiple  possible  solutions.  In  contrast  to 
vortex  flow  associated  with  separation  fro#  leading,  side  and  trailing  edges  of  lifting  components  the 
smooth-surface  (primary)  separation  position  is  not  known  a  priori  and  has  to  be  determined  as  part  of  the 
solution.  Since  the  separation  position  depends  amongst  ot hers  on  Reynolds  number,  such  a  prediction 
method  has  to  account  in  one  way  or  another  for  viscous  effects. 

Still  another  class  of  configurations  where  vortical  flow  effects  are  of  great  importance ,  but  will 
not  be  considered  in  the  present  paper,  are  helicopters  and  also  wind  turbines  and  propellers.  Here  there 
is  a  strong  interaction  of  the  (often  transonic)  flow  about  a  blade  with  the  rolling-up  wake  of  the 
preceding  blades  (e.g.  Refs  10,  11,  12).  Also  in  tha  present  paper  confined  vortex  flows  and  geophysical 
vortex  flows  (tornado's)  will  not  be  discussed. 
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It  is  the  purpose  of  the  present  paper  to  reviev  computational  methods  for  vortex  wakes  and  computa¬ 
tional  methods  in  the  prediction  of  the  flow  about  configurations  that  generate  a  vortical  type  of  flow 
and  that  to  a  certain  extent  exploit  this  vortex  flow  profitably.  The  characteristics  feature  of  the 
latter  flow  is  its  strong  nonlinearity;  due  to  vortical  effects  the  airloads  increase  nonlinearly  as  the 
angle  of  attack  is  increased.  As  the  Mach  number  is  increased  from  low  subsonic  to  transonic  and  super¬ 
sonic  also  strong  nonlinear  compressibility  effects  (shock  waves)  will  occur  and  in  general  a  strong 
coupling  between  both  types  of  nonlinearities  may  occur  (e.g.  Ref.  13).  While  the  development  and  use  of 
computational  methods  for  either  one  of  these  nonlinearities  has  been  quite  extensive  the  development  of 
methods  for  the  coupled  effects  of  these  nonlinearities  has  only  recently  attracted  increased  attention. 

In  the  present  paper  only  computational  methods  for  configurations  with  vortex  flow  associated  with  sepa¬ 
ration  from  the  leading*  side  and  trailing  edges  will  be  discussed.  However,  it  is  noted  that  for  confi¬ 
gurations  with  vortex  flow  associated  with  separation  from  the  smooth  surface  the  same  type  of  computa¬ 
tional  methods  can  be  used  if  the  separation  lines  are  specified  and  relatively  highly  swept*  As  a  matter 
of  fact,  at  present  such  methods  are  used  in  conjunction  with  a  method  that  models  the  separation  process, 
i.e.  determines  the  line  of  separation.  Especially  in  missile  aerodynamics  a  number  of  advanced  engineer¬ 
ing  methods  have  been  developed  that  employ  this  concept. 

Computational  methods  for  the  flow  about  oscillating  configurations  have  not  yet  been  developed  to 
the  same  extent  as  the  methods  for  steady  flow.  Although  some  of  the  steady  flow  methods  discussed  here 
have  been  extended  to  the  case  of  oscillating  configurations  these  will  not  be  considered  here. 

The  various  methods  will  be  discussed  primarily  with  a  view  toward  three-dimensional  subsonic  steady 
flow  applications.  The  present  reviev  is  meant  to  give  some  insight  into  the  weaknesses,  strengths  and 
prospects  of  the  different  methods. 

Recent  other  reviews  of  methods  for  the  computation  of  vortical  type  of  flows  that  also  provide 
additional  background  have  been  presented  by  Smith  (Refs  ill  and  15),  Saffman  4  Baker  (Ref.  l6)  and 
Leonard  (Ref.  17). 

In  Chapter  2  computational  methods  will  be  discussed  for  computing  vortex  wakes,  where  in  general  the 
interaction  of  the  vortex  flow  with  the  generating  configuration  is  weak.  In  Chapter  3  methods  are  dis¬ 
cussed  for  configurations  with  vortex  flow  separation  from  leading  and  side  edges  where  a  strong  inter¬ 
action  takes  place  between  vortex  flow  and  the  configuration.  In  Chapter  li  the  methods  are  summarized  and 
possible  improvements  are  indicated.  The  final  chapter  contains  conclusions  regarding  the  existing  compu¬ 
tational  methods,  their  prospects  for  future  improvements  and  extensions. 


2.  VORTEX  WAKES 

In  this  chapter  computational  methods  are  discussed  for  computing  the  development  of  the  wake  shed  at 
the  trailing  edge  of  wings.  For  transport  type  aircraft  in  cruise  condition  the  precise  shape  of  the  wake 
has  in  general  only  a  small  effect  on  the  lift  and  on  the  pressure  distribution  on  the  wing.  It  is  there¬ 
fore  general  practice  in  most  current  computational  methods  for  transport  type  aircraft  to  assume  a  rigid 
wake  of  some  suitable  shape.  It  has  been  demonstrated  that  the  differences  between  the  pressure  distribu¬ 
tion  computed  assuming  a  rigid  wake  and  the  one  computed  with  a  "relaxed"  wake  are  confined  to  the  trail¬ 
ing  edge  and  tip  regions.  This  suggests  then  that  in  order  to  include  more  accurate  boundary  layer  correc¬ 
tions  ,  for  which  the  pressure  at  the  trailing  edge  is  rather  important,  a  more  accurate  description  of  the 
wake  in  this  region  is  necessary.  This  is  also  true  for  transport  type  aircraft  in  landing  or  take-off 
configuration  and  also  for  fighter  aircraft,  where  in  general  there  is  a  stronger  interaction. 

In  this  chapter  first  a  qualitative  description  of  the  flow  will  be  given,  followed  by  a  description 
of  various  computational  methods. 


2. 1  Description  of  the  flow 

At  the  trailing  edge  of  a  wing  of  finite  Bpan  at  angle  of  attack  vorticity  is  shed  due  to  a  differ¬ 
ence  in  direction  of  the  flow  velocity  on  upper  and  lower  surface  at  the  trailing  edge.  If  the  Reynolds 
number  is  large,  convection  dominates  diffusion  and  the  vorticity  remains  within  a  thin  free  shear  layer. 
The  characteristic  feature  of  a  free  shear  layer  is  that  under  influence  of  the  velocity  induced  by  its 
own  vorticity  the  shear  layer  tends  to  roll-up  into  vortex  cores  (see  Fig.  1).  At  free  edges  of  a  shear 
layer  usually  a  single-branched  spiral  vortex  (the  tip  vortex)  is  formed,  while  depending  on  the  shed 
vorticity  distribution,  at  initially  smooth  portions  of  the  layer  one  or  more  double-branched  vortex 
cores  may  be  formed.  In  downstream  direction  vorticity  is  continuously  fed  into  the  vortex  cores,  result¬ 
ing  into  a  growth  of  the  vortex  cores  both  in  strength  and  usually  also  in  dimension  and  resulting  into 
an  extensive  stretching  of  the  shear  layer  in  the  cross- flow  plane. 

Further  downstream  of  the  wing  the  roll-up  process  will  be  completed  and  most  of  the  vorticity  is 
contained  within  the  cores.  As  this  stage  interaction  between  and  merging  of  cores  with  vorticity  of  the 
same  or  opposite  sign  may  occur  followed  by  viscous  diffusion  and  decay.  Alternatively  complicated  longi¬ 
tudinal  instabilities  stay  be  triggered  before  the  merging  or  decay  process  has  started,  resuling  in  a 
break-up  of  the  trailing  vortex  system. 

In  the  present  paper  only  the  initial  roll-up  will  be  discussed.  For  a  discussion  of  methods  for  com¬ 
puting  the  later  stages  of  development  of  vortex  wakes  the  reader  is  referred  to  e.g.  references  10  and  19. 
During  the  initial  roll-up  process,  for  the  high  Reynolds  ntaabers  pertinent  to  aircraft  aerodynamics,  the 
flow  may  be  considered  to  be  a  potential  flow  with  embedded  regions  of  rotational  flow  of  infinitesimal 
extent  (vortex  sheets)  and  regions  of  rotational  flow  of  finite  extent  (vortex  cores).  The  vortex  sheets 
model  the  (stretching)  thin  shear  layers,  while  the  vortex  cores  model  rolled-up  regions.  The  latter  may 
be  thought  of  as  created  by  the  mixing  of  subsequent  loops  of  the  spiraling  shear  layer  where  viscous 
diffusion  has  smeared  out  the  large  velocity  gradients  across  the  shear  layer  (see  Refs  20,  21  and  22). 
Subsequently  a  distinct  shear  layer  cannot  be  observed  anymore,  only  a  region  of  continuously  distributed 
vorticity  remains.  In  this  region  viscous  forces  can  be  ignored  again,  except  for  a  region  near  the  center 
of  the  core  where  velocity  gradients  are  large  and  a  viscous  subcore  is  formed.  Alternatively,  for  the 
limiting  case  of  infinite  Reynolds  nvssbar  the  core  consists  of  a  tightly  wound  vortex  sheet  of  infinite 
angular  extent,  which  in  this  view  also  represents  an  inviscid  core  of  rotational  flow  of  finite  extent 
(Fig.  2).  The  wake  vortex  problem  of  current  practical  interest  occurs  at  landing  speeds,  where  in  first 
approximation  the  flow  is  assumed  incompressible. 


2.2  Tvo-dimeng ional  tine-dependent  methods 

Under  the  assumption  that  the  trailing  vortex  sheet  is  only  mildly  curved  in  streamwise  direction  and 
that  no  direct  influence  is  felt  of  the  upstream  wing,  the  original  three-dimensional  steady  problem  is  re¬ 
duced  to  a  two-dimensional  time-dependent  problem  in  the  cross-flow  (Trefftz)  plane.  This  is  accomplished  by 
replacing  the  streamwise  coordinate  x  (see  Pig.  l)  by  U^t,  where  t  is  a  time-like  coordinate.  The  resulting 
problem  is  an  initial-value  problem  describing  the  motion  of  a  two-dimensional  vortex  sheet  as  it  is  con¬ 
verted  with  its  own  induced  velocity  in  subsequent  cross-flow  planes.  The  initial  conditions  of  the  prob¬ 
lem  are  the  shape  of  the  trailing  (or  shedding)  edge  and  the  distribution  of  the  streamwise  component  of 
the  vorticity  at  this  edge.  The  latter  is  proportional  to  the  spanvise  derivative  of  the  wing  loading.  The 
time-dependent  analog  of  the  vortex  wake  roll-up  problem  is  a  classical  problem  in  aerodynamics  and  has 
been  studied  by  a  large  number  of  researchers.  It  can  be  expressed  as 
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where  the  vorticity  distribution  is  expressed  in  terms  of  the  doublet  distribution  p(t)  and  x(t;f)  is  the 
description  of  the  sheet  C  in  terms  of  its  arc  length  t,  t€[0,T).  This  equation  expresses  that  p(t)  is 
convected  as  conserved  quantity.  In  equation  (2.1)  it  is  assumed  that  p(t)  and  C  are  continuous  or  alter¬ 
natively  can  be  broken  up  into  continuous  parts.  In  the  latter  case  one  has  to  sum  the  contribution  of 
each  continuous  part.  In  this  section  first  computational  methods  will  be  described  used  for  computing 
vortex  wake  roll-up,  followed  the  comparison  of  numerical  results  of  these  methods  (Pigs  7-9)* 

Discrete-vortex  approximation 

In  the  past  there  have  been  a  large  number  of  attempts  to  model  vortex  sheet  motion  by  replacing  the 
continuous  vortex  sheet  by  a  finite  number  of  vortices,  or,  equivalently,  the  doublet  sheet  by  segments 
carrying  a  piecewise  constant  doublet  distribution  (see  Pig.  3a).  Equation  (2.1)  is  then  reduced  to 
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where  Api  is  the  strength  of  the  discrete  vortex  at  x;.  The  first  one  to  attempt  this  approach  was 
Rosenheaa  (Ref.  23)  in  studying  the  nonlinear  Kelvin-ftelaholtz  instability  of  a  two-dimensional  periodic 
vortex  sheet  of  constant  strength.  Westwater  (Ref.  2fc)  was  the  first  to  apply  this  approximation  to  vortex 
wake  roll-up.  He  computed  the  evolution  of  the  wake  behind  an  elliptically  loaded  wing  using  only  20  vor¬ 
tices  and  carrying  out  33  time  steps  by  hand,  resulting  into  a  relatively  smooth  roll-up.  With  the  advent 
of  powerful  computers  Westwater's  case  was  reconsidered  using  more  vortices  and  smaller  time  steps.  It 
appeared,  however,  that  because  of  the  singular  behaviour  of  the  induced  velocity  this  approach  inevitably 
leads  to  chaotic  motion  of  the  vortices  in  the  region  of  the  (single-branched)  spiral.  In  this  region  the 
identity  of  the  sheet  is  lost.  Different  approaches  have  been  attempted  to  regularize  the  velocity  field 
induced  by  the  discrete-vortex  approximation.  The  first  one  is  to  introduce  a  finite  ("viscous")  core  for 
the  discrete  vortices  in  which  the  velocity  induced  by  the  vortex  is  modified  to  remain  finite  (Refs  25 
and  26).  The  artificial  viscosity  introduced  in  this  way  depends  on  more  or  less  arbitrary  parameters  such 
as  core  size  and  core  velocity  distribution.  A  second  approach  is  to  use  a  process  of  amalgamation  in 
which  vortices  are  combined  if  they  approach  each  other  too  closely  and  also  if  due  to  the  stretching  of 
the  sheet  the  vortices  represent  a  too  large  part  of  a  turn  of  the  spiralling  sheet  (Moore,  Ref.  27).  In 
the  latter  case  this  results  into  a  representation  for  the  core  region.  A  third  alternative  approach  is  to 
use  the  so-called  subvortex  technique  (Maskew,  Ref.  28)  where  a  vortex  is  divided  into  subvortices  whenever 
it  is  approached  too  closely.  However,  all  these  concepts  result  into  chaos  at  some  stage  in  the  computa¬ 
tion.  These  numerical  problems  stem  from  the  circumstance  that  the  sheet  stretches  considerably  as  it 
rolls  up.  This  implies  that  a  particular  discrete  vortex  has  to  represent  a  portion  of  the  sheet  that 
increases  in  length  as  the  computation  progresses.  In  the  highly  rolled-up  regions,  where  the  stretching 
is  largest,  this  rapidly  leads  to  an  inadequate  representation  of  the  spiraling  sheet.  The  technique  of 
periodically  redistributing  the  discrete  vortices  cm  introduced  by  Fink  &  Soh  (Ref.  29)  has  been  the  most 
successful  in  producing  smooth  vortex-sheet  roll-up  with  more  discrete  vortices  and  over  longer  periods 
than  had  been  reported  previously.  However,  recent  investigations  by  Baker  (Ref.  30)  into  the  stability  of 
the  rediscretization  technique  for  the  case  of  the  wake  behind  a  ring  wing,  where  a  double-branched  spiral 
is  formed,  demonstrate  that  this  method  eventually  end  into  chaos  as  well.  In  applying  a  rediecreti ration 
technique  in  addition  to  an  amalgamation  procedure  for  double-branched  spirals  Bromilov  &  Clemente 
(Ref.  31)  succeeded  in  computing  a  smooth  development  of  the  nonlinear  Kelvin-Helmholtz  instability. 

Although  it  must  be  noted  here  that  the  matter  of  existence  and  uniqueness  of  solutions  for  the 
continuous  initial-value  problem  has  not  yet  been  fully  resolved  (e.g.  Moore,  Ref.  32),  it  appears  that 
there  may  be  a  fundamental  difference  between  continuous  vortex  sheets  and  its  discretisation  as  an  assem¬ 
bly  of  point  vortices.  This  latter  question  is  discussed  to  some  length  by  Moore  (Ref.  33). 

"Cloud-in-cell"  method 

The  computational  effort  required  for  the  discrete-vortex  method  using  IV  vortices  is  0(H2)  per  time 
step.  In  order  to  reduce  this  computing  time  the  "cloud-in-cell"  method  (Ref.  3M  may  be  used.  In  this 
method,  the  Lagrangian  treatment  of  the  vorticity  field  is  retained,  but  the  velocity  field  is  obtained 
from  solving  the  Poisson  equation  on  a  fixed  rectangular  and  equidistant  Euleriac  mesh.  The  latter  can  be 
accomplished  efficiently  by  use  of  a  fast  Poisson  solver.  In  incompressible  and  inviacid  flow  the  Euler 
equations  are  expressed  as 
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For  two-dimensional  flow  these  equations  can  be  written  in  terms  of  the  stream  function  ♦  and  the  vorticity 
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where  u  *  (0,  v,  w)  *  (O,  t  -  t^).  Ngt£  £hat  in  two  dimensions  there  is  no  counterpart  for  the  three- 
dimensional  vorticity  stretching  term  (v.u)u.  The  vorticity  transport  equation  (2.3d)  is  accounted  for  by 
a  Lagrangian  treatment,  i.e.  moving  the  H  discrete  vortices  with  the  local  velocity.  The  vorticity  w  in 
equation  (2.3e)  is  obtained  by  redistributing  the  discrete  vortices  over  the  nearest  four  corner  points 
(see  Fig.  U),  usually  employing  some  area-weighting  scheme.  With  appropriate  far-field  boundary  conditions, 
equation  (2>3e)  is  then  solved  in  M  log-  M  operations  where  M  is  the  number  of  grid  points.  The  velocity 
at  the  cell  corners  is  obtained  from  the  computed  *'s  at  these  grid  points  by  finite-difference  expres¬ 
sions.  Finally  the  velocity  at  the  position  of  the  discrete  vortices  is  obtained  by  interpolation  from  the 
velocity  at  the  nearest  cell  corners.  In  general  M  will  by  0(N)  and  possibly  much  larger,  so  that  also 
accounting  for  the  time  spent  in  camnut in*  the  far-field  boundary  conditions,  the  saving  may  turn  out  to 
be  disappointing  in  practice.  The  "cloud-in-cell"  method  has  as  advantage  that  for  the  velocity  field 
calculation  each  singular  discrete  vortex  is  effectively  distributed  over  a  mesh  cell  resulting  in  a  con¬ 
tinuous  vorticity  distribution  (see  Fig.  U).  The  artificial  viscosity  effectively  introduced  in  this  way 
is  meah  dependent.  In  addition,  the  mixed  Lagrangi an/Euler i an  description  retains  the  desirable  feature 
that  the  vortex  wake  remains  compact  and  is  not  diffused,  as  would  be  the  case  if  the  vorticity  transport 
equation  was  treated  in  an  Eulerian  fashion  also.  Baker  (Refs  35,  36)  has  applied  the  "cloud-in-cell" 
method  to  cases  of  vortex  wake  roll-up,  using  of  the  order  of  2000  vortices  and  a  grid  size  of  129x129- 
The  computed  results  show  that,  although  the  many  small-scale  instabilities  introduced  by  the  grid  destroy 
the  definition  of  the  sheet,  the  large-scale  vortex  structures  appear  to  emerge  consistently.  However,  the 
method  has  the  same  deficiencies  as  all  discrete  vortex  methods,  namely  that  (i)  at  locations  where  the 
sheet  is  stretched  the  representation  of  the  vortex  sheet  becomes  rapidly  inaccurate,  (ii)  in  regions  of 
roll-up  the  vortices  get  clustered  close  together  and  the  definition  of  the  sheet  is  lost  and  (iii)  because 
of  a  discrete  form  of  Kelvin-Helmholtz  instability  small-scale  grid  dependent  structures  appear  which 
relevance  to  the  large-scale  roll-up  process  is  difficult  to  assess. 

Finally  it  is  noted  that  Murman  &  Stremel  (Ref.  37)  have  modified  the  stream-function/vorticity  formu¬ 
lation  into  a  velocity-potential/vorticity  formulation  in  order  to  try  to  establish  a  link  with  modern 
compressible  potential  flow  calculations.  In  the  latter  codes  the  wake  is  treated  as  a  planar  internal 
surface  of  the  mesh.  By  tracking  the  wake  in  the  Lagrangian  frame  and  distributing  it  to  the  Eulerian 
frame  for  the  potential  calculation,  the  wake  is  permitted  to  float  through  the  mesh.  In  this  way  the 
topologically  quite  impossible  requirement  to  fit  the  mesh  to  the  nonplanar  rolling-up  wake  is  eliminated. 
In  some  sense  the  wake  is  "captured"  rather  than  "fitted".  Thus  far  no  application  of  this  concept  to  a 
three-dimensional  problem  has  been  reported. 


Panel  methods 

Employing  a  more  accurate  method  than  the  discrete- vortex  method  for  computing  the  induced  velocity 
field  will  to  a  large  extent  exclude  the  appearance  of  spurious  numerical  effects.  A  method  which  serves 
this  purpose  is  the  panel  method.  In  this  method  the  sheet  is  divided  into  a  large  number  of  segments.  On 
these  panels  both  p(t)  and  x(t)  are  approximated  by  piecewise  polynomial  representations.  The  Cauchy- 
Principal -Value  integral  in  equation  (2.1)  is  evaluated  such  that  the  correct  behaviour  of  the  induced 
velocity  is  ascertained  at  points  near  the  sheet. 

Mokry  &  Rainbird  (Ref.  36)  employing  a  first-order  panel  method  (straight  segments,  panel-wise  con¬ 
stant  *)  obtained  promising  results .  The  second-order  panel  method  (curved  segments,  panel-wise  constant 

77^)  developed  at  KLR  (Ref.  39)  is  capable  to  describe  complicated  vortex  sheet  motion  in  a  reliable  and 
stable  manner.  In  the  following  the  most  important  features  of  this  method,  designated  V0R2DT,  are  described. 

(i)  Vortex  cores.  In  the  method  vortex  sheets  and  vortex  cores  are  identified  explicitly  as  such  during 
the  computation.  The  model  used  for  single-branched  vortex  cores  is  depicted  in  figure  3b.  In  this  model 
the  influence  of  the  tightly  rolled-ig>  inner  portion  of  the  sheet  (Fig.  2a)  on  the  outer  flow  field  is 
represented  by  an  isolated  line  vortex  at  the  center  of  vorticity  of  the  spiral.  The  vortex  is  connected 
to  the  remainder  of  the  sheet  by  a  cut  (feeding  sheet).  Such  a  representation  has  been  used  by  Smith 
(Ref.  Uo)  for  the  case  of  a  leading-edge  vortex  above  a  slender  delta  wing  and  by  Pullin  (Ref.  1*1)  in  his 
study  of  similarity  solutions  for  rolled-up  vortex  sheets.  For  a  double-branched  vortex  core  (Fig.  2)  a 
similar  model  is  derived  by  representing  the  highly  rolled-up  inner  region  by  an  isolated  line  vortex 
connected  to  the  remainder  of  the  sheet  by  cuts  (Fig.  5).  Such  a  model  has  been  used  also  by  Pullin  & 
Phillips  (Ref.  Uz)  for  an  investigation  into  the  generalization  of  Kaden's  problem  of  the  roll-up  of  a 
semi-infinite  vortex  sheet. 

(ii)  Rediscretixation.  The  representation  of  the  sheet  by  panels  is  chosen  such  that  the  spatial  discreti¬ 
zation  error  is  uniform  along  the  sheet  and  remains  the  same  as  the  roll-up  proceeds.  This  is  accomplished 
by  a  rediscretization  technique  based  on  an  adaptive  curvature-dependent  panel  scheme.  In  this  scheme  the 
panel  size  At  is  computed  as 
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where  A^^  is  the  basic  panel  site  and  spans  an  arc  of  radians  of  a  circle  with  radius  R  equal 

to  the  average  radius  of  curvature  of  the  panel.  The  basic  panel  si 2e  A^  is  chosen  such  that  the  desired 
degree  of  accuracy  is  ensured  in  regions  of  relatively  small  curvature .Its  choice  is  primarily  governed 
by  the  desired  accuracy  for  the  panelwise  representation  of  the  doublet  distribution.  The  second  parameter 
then  ensures  that  at  highly  curved  parts  of  the  sheet  the  panel  size  is  reduced  and  the  overall 
accuracy  is  maintained.  During  the  roll-up  process  the  sheet  tends  to  wrap  around  the  vortex  cores,  con¬ 
siderably  stretching  in  the  process,  resulting  in  an  increasing  number  of  loops  as  the  computation  pro¬ 
gresses.  A  solution  to  this  problem  is  to  specify  the  maximum  angular  extent  of  the  rolling-up  sheet,  i.e. 
the  attitude  of  the  cut(s)  is  held  fixed  in  time.  Any  part  of  the  sheet  stretched  beyond  this  point  is  cut 
off  and  its  vorticity  is  dumped  into  the  core.  In  this  manner  the  vortex  cores  are  allowed  to  grow  in 
strength  in  downstream  direction,  which  also  resembles  reality. 

(iii)  Singular  doublet  distribution.  At  t  *  0  the  doublet  distribution  will  behave  like  near  the 

wing  tip,  c  being  the  distance  from  the  tip.  If  a  panel  method  is  used  to  compute  the  velocity  field 


induced  by  a  doublet  distribution  with  such  singular  behaviour  large  errors  appear  near  the  ving  tip  and 
no  smooth  roll-up  can  be  expected.  In  view  of  this  Pullin's  (Ref.  1*1)  self-similar  solution  for  the  ini¬ 
tial  roll-up  is  used  to  provide  the  initial  value  for  the  present  method.  This  solution*  in  vhich  the 
3 ingle- branched  tip  vortex  is  already  present,  is  regular  and  can  be  handled  by  the  panel  method.  Finally 
note  that  the  "cloud- in-cell”  technique  can  equally  veil  be  formulated  for  vortex  sheets  discretized  by 
piecewise  continuous  vortex  sheet  segments  as  used  in  panel  methods . 

Vortex  layer  and  finite  core  methods 

The  representation  of  the  inner  portion  of  vortex  cores  by  an  isolated  vortex  connected  to  the  sheet 
by  cuts,  is  only  valid  near  the  center  of  the  core  where  the  spiralling  sheet  is  more  or  less  of  circular 
shape.  In  downstream  direction  the  relative  dimension  of  the  rolled-up  region  increases  and  in  general  it 
becomes  less  circular  in  appearance.  In  the  case  of  the  above  model  the  ellipticity  of  the  rolled-up 
region  should  be  represented  by  an  increasing  number  of  loops  of  the  vortex  sheet.  A  more  appropriate 
model  is  the  finite-core  modal  depicted  in  figure  3c.  Here  the  inner  portion  of  the  rolld-up  region  is 
represented  by  a  region  of  distributed  vorticity.  The  vorticity  distribution  and  the  shape  of  the  inviscid 
rotational  core  follow  from  solving  Euler's  equations  (Eqs  2.3a-c)  within  this  region.  The  outer  portion 
of  the  rolled-up  region  is  represented  by  a  vortex  sheet  as  before.  Note  that  an  essential  feature  of  the 
model  will  be  to  allow  for  feeding  vorticity  into  the  core.  ^ 

Equations  (2.3a)  and  (2.3c)  are  satisfied  exactly  by  vriting  thj  velocity  at  xq  as 

u(*  )  -  2  (jt  )  +  ir  •  *  //  u(5)  -r —  as  (2.5) 

o  a  o  2.  x  “  ,H.|2  c 

C 

where  u^(xq)  is  the  velocity  due  to  the  vorticity  on  the  sheet,  denotes  the  rotational  core  and 

r  *  x  -x.  The  vorticity-transport  equation,  equation  (2.3b)  can  then  be  solved  by  a  finite-difference 
method.  Huberaon  (Ref.  1*3)  discretizes  equation  (2.5)  using  the  discrete-vortex  method  for  the  sheet  and  a 
piecewise  constant  vorticity  distribution  on  a  rectangular  equidistant  Cartesian  mesh.  Special  measures 
are  taken  to  preclude  a  rapid  diffusion  of  the  rotational  region  due  to  the  numerical  viscosity,  i.e.  the 
truncated  terms  in  the  discretized  version  of  equation  (2.3b). 

Portnoy  (Refs  4L,  1*5)  considers  a  related  method  in  vhich  the  total  vortex  sheet  is  replaced  by  a 
vortex  layer  of  finite  thickness.  Moore  (Ref.  1*6)  derived  the  equation  of  motion  for  a  vortex  layer  of 
small  but  finite  thickness  which  applies  only  to  the  not  rolled-up  portion  of  the  vortex  layer.  In  refer¬ 
ences  1*5  and  L6  the  wake  cross-section  is  divided  into  triangular  elements,  each  carrying  a  constant  vor¬ 
ticity  distribution.  The  elements  are  convected  with  the  self-induced  velocity  field  (Lagrangian  formula¬ 
tion).  Since  the  area  of  region  with  constant  vorticity  is  an  invariant  of  the  motion,  the  area  of  each 
element  will  remain  constant  even  though  its  shape  may  change  quite  extremely.  The  main  difficulty  of  the 
method  lies  in  the  choice  of  the  shape  of  the  initial  cross-section.  In  references  1*5  and  1*6  the  initial 
wake  has  an  elliptic  cross-section,  which,  at  least  for  wings  with  an  elliptic  loading  near  the  tip  seems 
unrealistic.  In  the  examples  shown  this  is  apparent  by  the  thinning  of  the  layer  into  a  sheet  rolling  up 
in  the  same  fashion  as  described  for  the  vortex  sheet  methods.  However,  although  some  numerical  instabil¬ 
ities  are  present,  in  the  case  of  non-elliptic  loading  double-branched  vortex  cores  evolve  as  regions  of 
distributed  vorticity. 

Zabusky  (Ref.  1*7)  considers  the  problem  of  the  interaction  between  isolated  regions  of  distributed 
but  constant  vorticity.  In  this  case  the  velocity  induced  by  the  cores  (see  Eq.  2.5)  can  be  reduced  to  a 
contour  integral, 

u(x  )  *  I  pT  /  talrldf  (2.6) 

i  ^  as 

ci 

where  the  summation  is  over  all  cores,  3S  denotes  the  boundary  of  the  cores  and  d t  is  directed  along  aSc* 
For  a  stretching  contour  similar  rediscretization  procedures  are  required  as  for  the  case  of  an  evolving 
vortex  sheet.  Although  it  is  expected  that  the  vorticity  distribution  of  vortex  cores  produced  by  the 
roll-up  of  a  vortex  layer  is  far  from  being  uniform,  the  method  of  "contour  dynamics”  may  be  useful  for 
studying  the  final  stages  of  inviscid  roll-up.  In  that  case  almost  all  vorticity  is  contained  vithin  a 
number  of  relatively  closely  spaced  vortex  cores  vhich  begin  to  interact  and  merge. 

Weston  &  Liu  (Ref.  1*8)  consider  the  Navier-Stokes  equations  in  vorticity/stream  function  formulation, 
i*e.  equation  (2.3d-e)  with  the  vorticity  transport  equation  replaced  by 

♦  Z.1*  *  vV2w  (2.7) 

where  v  is  the  kinematic  viscosity.  The  Poisson  equation,  equation  (2.3c)  is  solved  on  a  subdomain  D1 
embedded  in  a  larger  computational  domain  D.  The  boundary  conditions  on  the  boundary  of  D1  and  the  veloc¬ 
ity  throughout  D-D  1  are  computed  by  a  far-field  expansion  of 


-  t  //  w(x)lnlr IdS 


Assuming  that  the  vorticity  distribution  is  confined  to  a  relatively  small  area,  the  far-field  expansion 
is  truncated  at  the  third  moments  of  the  vorticity  distribution.  Some  of  these  moments  are  invariants  of 
the  motion,  vhich  can  be  used  to  reduce  computing  time,  or  to  monitor  the  accuracy  of  the  method,  ^ploying 
a  fast  Poisson  solver  in  the  domain  D1  to  obtain  *  the  velocity  in  D1  is  obtained  by  taking  partial  deriva¬ 
tives  of  f.  Subsequently  the  vorticity  distribution  is  advanced  in  time  by  integration  of  equation  (2.7) 
using  a  Dufort-Frankel  scheme.  Compared  to  the  methods  using  standard  boundary  conditions  (e.g.  Ref.  16)  a 
two  orders  of  magnitude  reduction  in  computing  time  is  achieved.  Then  the  resulting  computer  resources 
requirements  are  comparable  to  the  ones  of  the  vortex  sheet  methods.  Weston  A  Liu  apply  the  method  starting 
at  the  trailing  edge  of  the  ving.  Note  that  it  would  be  more  appropriate  to  start  the  viscous  computation 
with  the  results  of  one  of  the  described  methods  for  inviscid  roll-up. 


The  three  cases  for  vhich  results  of  different  methods  are  compared  are  depicted  in  figure  6.  The 
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first  one  is  the  classical  case  of  the  elliptically  loaded  wing.  In  figure  7a»  b  and  c  results  are  shown 
for  different  methods  at  t  *  1.0,  2.0  and  4,0  respectively.  It  is  shown  (e.g.  Fig.  7c)  that  the  discrete- 
vortex  method  results  into  instabilities  as  the  number  of  vortices  is  increased,  and  the  discretisation 
becomes  rather  coarse  in  regions  where  the  sheet  is  stretched  considerably.  The  rediscretization  technique 
of  Fink  4  Soh  (Fig.  ?a)  solves  these  problems  to  some  extent,  especially  if  during  the  roll-up  process 
the  number  of  vortices  is  increased  such  that  the  distance  between  the  equidistant  vortices  remains  the 
same.  The  "cloud-in-cell"  method  results  in  unrealistic  behaviour  near  the  center  of  the  spiral  (Fig.  7a). 
The  results  of  the  panel  method  show  a  smooth  roll-up  behaviour.  The  results  of  the  finite-core  method  and 
vortex- layer  method  are  quite  similar  to  the  vortex  sheet  methods.  However,  as  is  clear  from  figure  Tb 
the  choice  of  elliptic  cross-section  as  initial  shape  in  references  44  and  45  does  not  result  into  a  core 
region  with  distributed  vorticity  as  would  be  expected  and  as  is  the  ewe  for  the  method  of  Huberson  and 
that  of  Weston  4  Liu. 

The  second  case  considered  is  the  wake  behind  a  ringwing  or  nacelle  (Fig.  8).  This  case  is  of  inter¬ 
est  because  initially  both  the  geometry  and  the  doublet  distribution  are  non-singular.  It  is  clearly  shown 
in  figure  8a  that  after  some  time  (t  •*  1.5)  a  vortex  structure  evolves  which  resembles  the  tip  vortex  of 
the  preceding  case.  The  discrete-vortex  method  of  Fink  4  Soh  (Fig.  8a)  results  into  instabilities  in  the 
region  where  the  now  double-branched  vortex  develops,  while  the  panel  method  result  shows  a  smooth  roll-up 
behaviour.  Results  for  longer  times  are  shovn  in  figure  8b.  The  cloud-in-cell  method  produces  a  number  of 
(grid  dependent)  sub-scale  structures.  In  the  panel  method  results  also  long-wave  (compared  to  the  panel 
si2e)  instabilities  occur.  Apparently,  aside  from  the  global  structure,  the  details  of  the  computed  shapes 
depend  on  the  amount  of  inherent  smoothing  applied.  In  the  V0R2DT  panel  method  the  smoothing  is  controlled 
by  the  basic  panel  width  A***-  This  is  clearly  demonstrated  in  figure  8c  which  shows  results  for  t  ■  1.77 
with  Amwv  *  0.1,  0.05  and  07025 •  Depending  on  A  the  first  vortex  has  not  yet  developed  or  has  developed 
furtheP^As  A_^  is  reduced  further  more  waves  that  eventually  will  develop  into  vortices.  Generally 

disturbances  with  a  wave  length  of  less  than  a  few  times  will  be  smoothed.  This,  more  or  less  for¬ 

tuitously  resembles  reality,  where  it  has  been  observed  that  in  shear  layers  regular  small-scale  structures 
with  a  length  scale  less  than  a  few  times  the  shear-layer  thickness  do  not  amplify  into  well-defined  rota¬ 
tional  cores  but  are  smoothed  out.  The  results  presented  here  also  suggest  that  the  initial  value  problem 
for  the  inviscid  evolution  of  a  ring  wing  vortex  sheet  is  ill-posed,  i.e.  that  the  vortex  sheet  is  inher¬ 
ently  unstable. 

The  last  case  concerns  the  wake  of  a  transport  aircraft  with  deployed  part-span  flaps  during  landing 
or  take-off  (Fig.  6).  In  this  case  the  vorticity  -p'(t)  changes  sign,  resulting  in  counter-rotating  vortex 
cores.  In  figure  9a  results  are  compared  of  the  "cloud-in-cell"  method  and  the  panel  method  V0R2DT. 

Although  the  many  small-scale  structures  in  the  results  of  Baker  (Ref.  36)  make  it  difficult  to  identify 
the  sheet,  the  global  structure  agrees  reasonably  well  with  that  of  the  panel  method.  Finally  figure  9b 
compares  the  result  of  the  V0R2DT  panel  method  computation  and  the  vortex-layer  method  of  reference  48  for 
a  longer  time  (t  ■  1.0).  In  both  results  the  vortex  cores  have  approximately  the  same  elliptical  appear¬ 
ance,  dimension  and  position  in  space,  suggesting  that  vorticity  diffusion  effects  in  the  method  of  refer¬ 
ence  48  have  been  small. 


2.3  Methods  for  three-dimensional  flow 

Computing  the  development  of  a  wake  by  means  of  the  2D  time-dependent  analogy  provides  basic  insight 
into  the  development  of  quite  general  wakes  as  well  as  a  useful  test  for  mathematical  models  and  numerical 
schemes.  However,  it  suffers  from  a  number  of  severe  limitations  if  wakes  of  real  aircraft  are  to  be  com¬ 
puted.  The  main  limitation  is  that  the  influence  of  the  upstream  wing  is  neglected.  For  instance,  unless 
some  other  (3D)  method  provides  the  t  »  0  initial  conditions,  i.e.  shape  and  shed  vorticity  distribution 
of  the  wake  in  some  plane  downstream  of  the  trailing  edge,  a  meaningful!  2D- time  dependent  calculation 
would  he  impossible  for  wings  with  swept  trailing  edges.  A  second  severe  limitation  is  that  the  inter¬ 
action  of  the  rolling-up  wake  with  nearby  parts  of  the  configuration  cannot  be  accounted  for.  The  latter 
includes  the  interaction  of  wing  and  tailplane,  slat  and  wing,  wing  and  deployed  part-sp>an  flap,  etc.  A 
further  noteworthy  point  is  that  the  formation  of  the  wing-tip  vortex  usually  starts  already  upstream  of 
the  trailing  edge.  In  case  of  a  swept-back  wing  tip  or  a  sharply-edged  tip  the  flow  may  separate  all  along 
the  tip.  In  case  of  a  rounded  tip  the  situation  is  more  complicated.  Here  the  flow  at  the  wing  tip  may 
partly  be  attached  but  downstream  of  some  (Reynolds  maker  dependent)  position  be  separated.  In  either  case 
there  is  a  relatively  strong  interaction  between  the  rolling-up  shear  layer  from  the  tip  and  the  flow 
around  the  tip.  In  most  spamrise  load  distributions  obtained  in  experiments  this  is  apparent  as  a  relative¬ 
ly  small  region  of  increased  loading,  the  details  of  which  depend  on  the  geometry  of  the  wing  tip.  Thus 
clearly  a  fully  three-dimensional  method  is  necessary  for  early  stages  of  vortex-wake  roll-up.  In  the 
present  section  cases  are  considered  with  a  relatively  weak  interaction  between  the  rolling-up  wake  and 
the  generating  configuration.  Cases  with  a  strong  interaction  will  be  considered  in  the  next  chapter 


2.3.1  Potential  flow  methods 

It  follows  from  the  description  of  the  high-Reynolds  number  flow  (section  2.1)  that  if  the  location 
of  the  separation  lines  are  known  the  flow  may  be  assumed  irrotational  with  embedded  regions  of  rotational 
flow.  These  regions  are  either  of  infinitesimal  extent,  i.e.  vortex  sheets,  or  of  small  but  finite  extent, 
i.e.  vortex  cores.  Assuming  subsonic  subcritical  (linear  cmpressiblj)  flow,  the  flow  is  governed  by  the 
Prandt 1 -G1 auert  equation  for  the  perturbation  velocity  potential  <p(x) 


e*  i*»  .  i2s  *  i!s  .  o  ,  b*  -  i  - 

9x2  9y2  9z2 


The  velocity  is  given  by  u  *  with  ff  ■  U^e  .  Bsploying  Green's  third  identity  the  solution  of  equa¬ 

tion  (2.94)  is  Repressed  as  the  velocity  field  induced  by  a  source  distribution  q(x)  on  3  and  a  doublet 
distribution  u(x)  on  8  ♦  8  :  v 
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where  r  «  xq-x,  B  ■  [0  B  Oj,  y  9  -n*$p  is  the  surface  vorticity  vector  and  n  the  unit  normal.  Across  the 

singularity  distribution  ®  ®  the  velocity  is  discontinuous.  This  discontinuity  can  be  expressed  as 

Au(x  €S)  »  q(x  )  - -  -  —  +  y(x  )  »  1B  ‘HI8’1]0)  (2.9c) 

°  °  62ltB-1]?)2  °  l(B-1Jn(2 

The  pressure  coefficient  follows  from  Bernouilli's  equation  as: 


p  i  o„u*  yM»  1  '  u*  t*  J 

which  is  the  so-called  isentropic  formula.  Tht  second-order  accurate  approximation  (in  terms  of  the  per¬ 
turbation  velocity  vip)  to  the  isentropic  formula  is: 


/  _  _  (5,.$«)2v 
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The  boundary  conditions  that  apply  on  the  configuration  and  vortex  wake  are  (Fig.  !0): 

(i)  Zero  normal  velocity  on  the  solid  surface  and  on  the  vortex  sheet  Sv,  i.e. 

u.n  *  0  on  S  and  S  (2. 9f 

v  w 

Note  that  this  condition  implies  that  according  to  eq^ati^n  (2.9c)  thi^  wings  as  well  as  vortex 
sheets  have  to  carry  a  source  distribution  of  strength  B2  y  *  n. [B~* )( [B_1 ]n) ,  which  is  nonzero  for  ♦  i 

(ii)  Zero  pressure  jump  across  the  vortex-sheet  S  ,  i.e. 

ACP  *  Cp  *  :p  *  °  °n  SY  (2-9« 

In  incompressible  flow  it  follows  from  Bernouilli's  equation  (2.9e)  and  equation  (2.9c)  that  the  zero 
pressure  jump  can  be  written  as 
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where  u  is  to  be  taken  as  the  average  velocity,  i.e.  J(u  ♦  u  )  on  Sy.  This  condition  implies  that  vortex 
lines  and  streamlines  are  parallel  in  incompressible  flow.  As  far  aavortex  wakes  is  concerned  incompres¬ 
sible  flow  will  be  assumed  in  the  remainder  of  this  chapter. 

The  unknowns  of  the  problem  are  the  singularity  distributions  on  the  configuration  and  on  the  wake  as 
well  as  for  the  unknown  geometry  of  the  wake.  Because  of  the  nonlinearity  associated  with  the  unknown 
geometry  an  iterative  solution  procedure  has  to  be  employed.  For  the  case  of  weak  interaction  considered 
here,  a  convenient  procedure  is  obtained  by  fixing  the  geometry  of  the  wake  and  its  singularity  distribu¬ 
tion,  choosing  seme  degenerate  form  of  the  boundary  conditions  on  the  vortex  sheet  (i.e.  the  Kutta  condi¬ 
tion)  and  solving  the  resulting  linear  problem  for  the  singularity  distribution  on  the  wing.  Subsequently 
the  wake  is  relaxed  such  that  a  better  approximation  to  the  true  boundary  conditions  is  obtained,  followed 
by  solving  again  a  linear  problem  for  the  singularity  distribution  on  the  wing  but  taking  into  account  the 
latest  geometry  of  the  wake. 

Vortex-lattice  methods 

The  extension  of  the  discrete-vortex  method  to  three  dimensions  is  the  vortex-lattice  method.  This 
method  has  found  vide  application  for  computing  the  attached  flow  loading  of  lifting  surfaces.  In  the 
vortex-lattice  method  the  lifting  surface  is  divided  into  elements.  Each  element  carries  a  line  >  rtex 
along  its  J-chord  line  connected  to  line  vortices  trailing  to  infinity  downstream  along  the  side  4ges  of 
the  element.  In  this  way  a  horse-shoe  vortex  is  associated  with  each  element.  The  strength  of  *he  vortices 
are  determined  by  imposing  the  zero-normal  velocity  condition  (Eq.  2.9f)  at  the  midpoint  of  the  l  chord 
line  of  the  elements.  Butter  &  Hancock  (Fef.  49)  were  amongst  the  first  to  attempt  to  relax  the  line 
vortices  downstream  of  the  trailing  edge  comprising  the  wake.  Also  Hedman  (Ref.  50),  Rom  &  Zorea  (Ref.  51) 
and  Mattei  K  Santoro  (Ref.  52)  developed  a  computational  procedure  to  relax  the  wake  using  a  vortex  lattice 
method.  In  some  of  these  cases  the  strength  of  the  vortices  were  not  updated  from  the  values  obtained  for 
the  planar  initial  wake.  The  vortex-lattice  method  developed  by  Rehbach  (Refs  53,  54)  includes  the  effect 
of  separation  from  the  wing  tip.  The  flow  separation  from  the  tip  is  simulated  by  letting  the  streamvise 
trailing  vortices  nearest  to  the  tip  also  free  to  align  with  the  local  velocity.  Haskev  (Ref.  55,  56) 
developed  a  vortex- lattice  type  of  method  in  which  on  the  wing  vortex  rings  are  used  instead  of  horse-shoe 
vortices.  Both  representations  are  equivalent  to  piecewise  constant  doublet  distributions,  the  former  on 
the  element  spanned  by  the  horse-shoe  vortex,  the  latter  on  the  element  spanned  by  the  vortex  ring.  In 
Maskew’s  method  the  last  vortex  ring,  closed  be  a  vortex  segment  at  infinity  downstream, is  again  a  horse¬ 
shoe  vortex.  Examples  computed  include  the  vortex  wake  of  a  wing- flap-tail  plane  configuration,  indicating 
the  development  of  a  strong  flap  side-edge  vortex  similar  to  the  one  considered  before  (Pig.  9).  Suciu  A 
Morino  (Ref.  57)  developed  a  similar  method  and  compute  the  three-dimensional  development  of  the  wake 
behind  rectangular  wings.  Por  the  relatively  small  number  of  elements  used  in  all  applications  reported 
realistic  results  could  be  obtained.  Rowever,  increasing  the  number  of  elements  usually  results  into 
numerical  instabilities  of  the  same  kind  as  encountered  when  using  the  discrete-vortex  methods  of  the 
preceding  section. 

In  panel  methods  (e.g.  see  Ref.  k)  the  wing  is  represented  more  accurately  by  singularity  distribu¬ 
tions  on  the  surface  of  the  wing.  In  most  current  first-order  panel  methods  the  wake  is  represented  by 
discrete  trailing  vortices,  often  forming  the  continuation  of  the  lift  generating  internal, vortex  lattice 
or  vortex  sheet  on  the  wing  camber  surface.  If  the  wake  is  not  relaxed  the  Kutta  condition  is  applied  on 
the  wake,  just  downstream  of  the  trailing  edge.  If  the  trailing-edge  angle  is  finite  the  Mangier  and  ?feith 
criterion  ^Ref.  5fl)  is  sometimes  used  to  determine  whether  the  wake  leaves  the  wing  tangentially  to  the 
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lower  surface  or  tangentially  to  the  upper  surface.  This  criterion,  based  on  purely  inviscid  arguments, 
implies  that  at  a  backward  swept  trailing  edge  the  wake  is  usually  tangent  to  the  upper  surface  of  the 
wing.  Using  this  criterion  to  fix  the  initial  direction  of  the  line  vortices,  Labruj$re  4  de  Vries  (Refs 
59,  60),  using  the  SLR  panel  method,  computed  the  downstream  development  of  the  wake  behind  a  AR  ■  5 
swept  wing  (Fig.  Ha)  and  compared  numerical  results  with  results  of  experiment  (Fig.  11b).  The  correla¬ 
tion  is  satisfactory,  although  in  the  tip  region  numerical  problems  occur,  even  for  the  coarse  spanvise 
panel  scheme  used.  In  the  comparison  with  experiment  it  also  appeared  that  the  vortex  wake  in  the  real 
viscous  flow  tends  to  leave  the  wing  tangentially  to  the  lower  surface,  in  contradiction  with  the  Mangier 
and  Smith  criterion.  In  the  wake  relaxation  method  developed  at  British  Aerospace,  the  Mangier  4  Smith 
criterion  is  not  enforced  and  the  method  embodies  a  number  of  further  improvements  (Jepps,  Ref.  6l).  In 
the  region  where  the  sheet  rolls-up  into  the  tip  vortex  an  amalgamation  procedure,  like  the  one  developed 
by  Moore  (Ref.  27)  in  two  dimensions,  has  been  developed  resulting  into  a  better  representation  of  the  tip 
vortex.  A  second  improvement  is  that  a  procedure  is  employed,  analogous  to  Maakev's  subvortex  technique 
(Ref.  28),  to  compute  the  near-field  influence  of  a  vortex  sheet  represented  by  a  discrete  vortex  more 
accurately. 

Although  it  is  possible  to  obtain  results  for  weakly  interacting  wakes  employing  the  methods 
described  above,  the  consistency  and  accuracy  of  these  results  may  be  questionably.  Improvement  upon  this 
situation  may  be  obtained  using  a  more  accurate  description  of  the  vortex  sheets  (e.g.  using  a  higher- 
order  panel  method)  and  the  explicit  introduction  of  vortex  core  models  (single  and  double-branched)  for 
highly  rolled-up  regions.  This  is  particularly  required  for  cases  of  closely  coupled  lifting  components 
where  there  is  a  relatively  strong  interaction  between  the  rolling-up  vortex  wakes  and  the  flow  about  the 
individual  components. 


2.3.2  Euler  equation  methods 

Finite  difference  methods  for  the  Euler  equations  or  Ravier  Stokes  equations  have  the  advantage  that 
regions  with  vorticity  are  "captured"  rather  than  "fitted"  as  in  the  panel  method  approach.  One  of  the 
drawbacks  is  that  an  adequate  spatial  mesh  system  is  required.  The  development  of  computational  methods 
for  solving  Euler's  equations  has  been  motivated  by  the  need  to  compute  transonic  flows  involving  strong 
shocks.  The  Euler  equations,  however,  also  allow  for  rotational  effects  and  allow  the  modeling  of  separated 
flow  in  cases  of  convection  dominated  flows.  In  this  view  the  Euler  equations  (2.3a-c)  admit  "weak"  solu¬ 
tions  with  both  shock  waves  and  vortex  sheets.  There  are,  however,  some  fundamental  differences  between 
shock  waves  and  vortex  sheets,  which  have  strong  implications  for  their  numerical  treatment,  (i)  Across 
shockwaves  there  is  a  convective  mass  transfer,  across  vortex  sheets  there  is  none,  (ii)  For  shockwaves 
uniqueness  is  provided  by  the  entropy  condition,  for  vortex  sheets  there  appears  to  be  no  such  condition. 

' i ii )  The  strength  of  the  shockwave  is  determined  by  its  shape  and  the  conditions  on  on*  slue  of  the  shock, 
i or  vortex  sheets  the  jumps  are  arbitrary,  except  in  static  pressure  and  velocity  normal  to  the  sheet. 

(iv)  The  thickness  of  the  shockwave  is  independent  of  the  dissipation,  while  the  width  of  the  vortex  sheet 
is  proportional  to  the  dissipation.  The  latter  isq>lies  that,  since  in  the  flow  regime  of  present  interest 
the  dissipation  due  to  the  physical  viscosity  is  much  smaller  than  the  artificial  dissipation  introduced 
by  the  numerical  scheme,  the  accurate  capture  of  vortex  sheet  discontinuities  is  much  more  difficult  than 
the  capture  of  shockwaves. 

A  further  point  that  arises  is  the  Kutta  condition.  In  the  ijmsediate  neighbourhood  of  sharp  edges  or  other 
locations  of  flow  separation  the  local  flow  is  dominated  by  viscous  forces.  It  should  be  expected  that  one 
or  more  additional  conditions  (i.e.  Kutta  conditions)  have  to  be  provided  in  order  to  obtain  physically 
relevant  solutions  of  the  Euler  equations.  If  the  auxiliary  Kutta  conditions  are  not  provided  artificial 
viscosity  effects  will  determine  both  position  of  the  separation  point  and  the  solution  at  this  point.  It 
is  obvious  that  these  artificial  viscosity  effects  are  not  the  same  as  those  provoked  by  the  physical  vis¬ 
cosity,  but  they  may  possibly  be  similar  at  sharp  edges.  Especially  in  cases  of  separation  from  a  smooth 
surface,  like  a  wing  tip  or  a  slender  body,  the  location  of  the  separation  point  and  the  amount  of  vorti¬ 
city  shed  into  the  field  at  this  point  and  thus  the  global  flow  pattern  are  strongly  coupled,  necessi¬ 
tating  auxiliar  (Kutta)  conditions  for  the  Euler  equations  to  properly  account  for  real  viscous  effects. 

At  least  three  different  numerical  approaches  to  solve  the  Euler  equations  can  be  found.  The  first 
one  applies  in  the  supersonic  flow  regime  only.  In  case  of  steady  supersonic  flow  the  method  consists  of 
marching  from  a  sharp  nose  or  apex  downstream.  In  this  case  near  the  nose  or  apex  a  starting  solution  is 
required,  usually  provided  by  a  known  solution  for  a  cone.  The  spatial  marching  procedure  is  reasonable 
efficient  and  often  applied  in  high-angle-of -attack  aerodynamics  of  missile  configurations  (e.g.  Refs  62 
and  63  for  a  recent  review).  In  all  cases  a  Kutta  condition  is  required  to  obtain  consistent  results. 

The  second  approach  is  to  use  a  time-marching  procedure  to  asymptotically  approach  a  steady-state 
solution  to  the  time-dependent  Euler  equations.  Using  such  a  pseudo-time  dependent  approach  solutions  have 
been  obtained  in  the  transonic  and  low  supersonic  flow  regime.  It  is  suggested  (Refs  64-67)  that  as  long 
as  shocks  appear  in  the  transient  solutions  no  explicit  Kutta  condition  is  reauired.  It  is  argued  in 
references  64-67  that  initially  the  inviscid  compressible  flow  accelerates  through  an  expansion  fan  around 
the  edge,  up  to  the  point  where  a  shock  is  needed  to  prevent  the  flow  to  expand  to  vacuum.  The  resulting 
strong  shock  will  produce  rotational  flow  downstream  of  the  shock.  Subsequently  this  vorticity  will 
persist  modify  the  flow  field  such  that  the  flow  decelerates  until  a  steady  state  is  attained,  presumably 
without  a  shock  and  with  the  flow  smoothly  separating  at  the  sharp  edge.  For  a  rounded  edge  like  a  wing 
tip  this  same  purely  inviscid  mechanism  will  make  the  flow  separate,  at  least  as  long  as  at  the  free  stream 
Mach  number  considered  the  curvature  is  sufficiently  large.  In  any  other  case  a  Kutta  condition  will  have 
to  be  applied.  The  precise  details  of  above  sketched  inviscid  flow  separation  mechanism  are  still  unclear. 
Also  the  question  whether  during  the  transient  solutions  sufficient  vorticity  can  be  produced  to  obtain 
the  right  type  of  separated  flow  is  still  unanswered. 

A  more  plausible  explanation  for  the  vorticity  generation  in  the  Euler  method  is  that  the  maerical 
scheme  effectively  adds  a  vorticity  production  term  to  the  right-hand  side  of  equation  (2.3b).  In  the 
solution  process  vorticity  will  be  produced  depending  on  the  magnitude  of  this  term,  i.e.  the  "artificial" 
viscosity  and  the  magnitude  of  the  gradients  of  the  solution.  If  this  speculation  is  correct,  vorticity 
will  certainly  be  produced  at  sharp  edges,  but  also  at  all  other  places  where  gradients  are  sufficiently 
large. 

Computational  results  of  Euler  codes  for  the  flow  about  wings  do  show  a  qualitatively  correct  circu¬ 
latory  velocity  pattern  near  the  wing  tip.  This  is  illustrated  in  results  obtained  by  Risti  (Refs  64,  66, 
67)  for  the  OKERA  M6  wing  at  M  ■  0.84  and  a  *  3°,  using  a  finite-vol»e  procedure,  an  internal  temporally 
dissipative  damping  and  local  time  stepping.  Also  results  obtained  by  Chat tot  (Ref.  66)  for  the  OHERA 
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A7V-D  wing  at  M  •  0.84  and  a  ■  U°,  using  a  MacCormack  finite  difference  scheme  reweal  tbe  qualitatively 
correct  flow  near  the  wing  tip  and  in  the  wake  immediate  downstream  of  the  trailing  edge. 

The  third  approach  due  to  Rehbach  (Kefs  69-71)  applies  to  incompressible  flow  only.  The  Euler  equa¬ 
tions  are  expressed  as  inequation  (2.3a-c).  Employing  Green's  identity  results  in  the  following  expres¬ 
sion  for  the  velocity  at  xQ 

u(x  )  -  ft  -  r-  //  y(x)  x  ~ —  <JS(x)  ♦  r-  fff  w(x)  *  *  ~  dV(x)  (2.10) 

°  4w  S  I?)3  V  lrl5 

where  r  »  x-x  t  y(x)  denotes  £he  vorticity  distribution  on  the  surface  of  the  configuration  S(x)  and  w(x) 
the  vorticity°in  the  field  V(x)  surrounding  the  configuration.  The  surface  integral  is  discretized  using 
the  vortex-lattice  method.  The  volume  integral  is  discretized  by  dividing  the  field  that  contains  vorticity 
into  cells  of  constant  udV.  The  approach  followed  is  a  time  dependent  one,  gtarting  impulsively  from  rest. 
At  each  time  step  in  the  computation  new  "vorticity  particles"  of  strength  wAV  are  shed  into  the  flow  field 
from  separation  lines,  here  sharp  edges,  employing  a  certain  vortex  shedding  mechanism.  During  the  subse¬ 
quent  time  steps  the  volume  of  tb£  particles  is  kept  constant  irrespective  of  their  distortion  and  the  rate 
of  change  of  the  total  vorticity  wAV  contained  in  the  particle  is  given  by  tbe  integral  form  of  tbe  vorti¬ 
city  transport  equation  (2.3b): 

jrr  ///  w(x)dV(x)  -  Jff  (w(x)dV(x) .$)u(x)  (2.11) 

m  AV  AV 

When  the  "vorticity  particles"  have  been  positioned  in  their  new  position  the  surface  vorticity  distribu¬ 
tion,  represented  by  the  vortex  lattice,  is  recomputed  by  imposing  the  zero  normal  velocity  condition.  It 
is  emphasized  here  that  Rehbach' s  approach  does  not  require  the  construction  of  a  spatial  grid.  The  other 
two  methods  require  a  spatial  grid  covering  the  entire  space  around  the  configuration.  Furthermore  the 
vorticity  production  process  is  contained  in  the  vortex  shedding  mechanism  employed.  The  latter  is  derived 
from  Kutta-condition  type  considerations. 


3.  VORTEX  FLOW  FROM  LEADING  AND  SIDE  EDGES 

In  this  chapter  computational  methods  are  considered  for  computing  the  flow  about  configurations  with 
leading-edge  and  side-edge  vortex  sheets.  For  these  configurations  the  rolling-up  vortex  sheet  is  always 
in  the  near  proximity  of  the  surface  and  a  strong  interaction  takes  place  between  the  vortex  sheet  and  the 
flow  field.  This  results  in  a  complicated  flow  pattern  and  typically  a  nonlinear  dependence  of  the  lift  on 
angle  of  attack  is  observed.  In  this  chapter  a  qualitative  description  of  the  flow  is  given  first,  followed 
by  a  description  of  current  computational  methods  for  slender  highly  swept  wings  and  strake-wing  configura¬ 
tions  . 


3. 1  Description  of  the  flow 

The  low-speed  high-angle-of-attack  flow  about  slender  wings  with  leading-edge  vortex  separation  has 
been  described  extensively  in  the  literature.  Based  upon  primarily  experimental  investigations  by  amongst 
others  Legendre  (Ref.  72),  Earnshaw  (Ref.  73 1  *  Wentz  A  McMahon  (Ref.  71*),  Fink  &  Taylor  (Ref.  75)  and 
Hummel  (Ref.  76)  the  topology  of  the  high-Reynolds  number  flow  about  these  wings  is  well-established.  At 
moderate  to  high  angles  of  attack  the  flow  separates  at  the  leading  edge  resulting  in  a  free  shear  layer 
emanating  from  the  edge.  This  free  shear  layer  rolls  up  in  a  spiral  fashion  to  fora  the  so-called  (single- 
branched)  leading-edge  vortex  (Pig.  12).  It  has  been  observed  in  experiments  that  the  adverse  pressure 
gradient  in  the  region  just  outboard  of  the  lateral  position  of  the  center  of  the  primary  vortex  core 
causes  a  secondary  separation,  resulting  in  a  secondary  vortex  core  with  vorticity  of  opposite  sense  to 
that  of  the  primary  core.  In  the  downstream  direction  the  trailing -edge  vortex  core  is  continually  fed  with 
vorticity  from  the  leading  edge,  so  that  it  is  increasing  in  strength  as  well  as  in  overall  dimension. 
Downstream  of  the  trailing  edge  of  the  wing  vorticity  from  the  shear  layer  continues  to  be  fed  into  the 
core.  In  addition,  the  vorticity  in  the  wake  that  is  of  opposite  sense  to  that  in  the  leading-edge  vortex 
starts  to  roll-up  in  a  ( double-branched 1  so-called  trailing-edge  vortex.  This  phenomenon  has  been  observed 
experimentally  by  Maltby  (Ref.  77)  sod  more  recently  by  Hummel  (Ref.  67).  As  a  result  of  the  strong  inter¬ 
action  of  leading-edge  vortex  core  and  the  flow  above  the  slender  wing  upper  surface  large  vortex  lift 
increments  are  produced.  It  has  been  observed  that  a  stable  ("controlled")  vortex  flow  pattern  persists  up 
to  angles  of  attack  as  high  as  25  to  30  degrees. 

The  vortex  flow  above  strake-wing  configurations  is  more  complex.  Investigations  by  amongst  others 
Lamar  &  Luckring  (Ref.  78),  Luckring  (Refs  79  and  80)  and  Brennensthul  &  Hummel  (Refs  81  and  82)  have 
provided  valuable  insight  into  the  vortex  layer  structure  above  strake-wing  configurations.  In  reference  83 
additional  topological  information  has  been  acquired  employing  a  laserlight -sheet  flow  visualization 
technique.  From  these  investigations  it  follows  that  above  a  strake-wing  configuration  the  (single- 
branched)  leading-edge  vortex  originating  at  the  leading  edge  of  the  strake  continues  above  the  wing.  Tbe 
vortex  modifies  the  wing  flow  field  considerable,  inducing  additional  favourable  effects.  In  case  of 
sufficiently  (depending  on  leading-edge  sharpness ,  angle  of  attack,  etc.)  swept  wing  leading  edges  the  flow 
separates  also  at  the  wing  leading  edge  and  downstream  of  the  kink  the  shear  layer  emanating  from  the 
strake  leading  edge  is  continued  as  the  shear  layer  emanating  Tr cm  the  wing  leading  edge  (see  Fig.  13).  In 
this  shear  layer  the  so-called  (double-branched)  wing  vortex  develop* .  This  vortex  starts  at  the  kink  and 
loops  around  the  strake  vortex.  At  some  point  downstream  of  the  kink  the  two  cores  (with  distributed  vor¬ 
ticity  of  the  seme  sign)  merge  into  one  core.  At  smaller  sweep  angles  the  flow  does  not  separate  at  the 
wing  leading  edge.  In  this  case  the  flow  picture  is  not  completely  clear.  Moat  investigators  assise  that 
the  shear  layer  detaches  (tears)  at  the  kink  (as  proposed  in  Ref.  1,  p.  25*)  resulting  in  the  flow  pattern 
sketched  in  figure  Ik.  In  this  case  the  "free  end"  of  the  shear  layer  will  roll-up  into  another  (single- 
branched)  vortex  core.  It  might  possibly  also  be  hypothesised  that  downstream  of  the  kink  the  strake  lead¬ 
ing-edge  shear  layer  continues  onto  the  wing  upper  surface,  now  emanating  from  seme  separation  line.  More 
detailed  experimental  investigation  will  be  needed  to  clarify  details  of  the  flow  structure  for  this  case. 

A  limit  to  the  favourable  effects  induced  by  the  vortex  flow  is  reached  when  large-scale  vortex  breakdown 
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occurs  above  the  wing.  Vortex  breakdown  manifests  itself  as  an  abrupt  increase  in  the  cross-sectional  area 
and  turbulence  level  of  the  vortex  core,  at  the  higher  incidences  accompanied  by  an  asymmetric  flow  pat¬ 
tern.  The  mechanism  underlying  vortex  breakdown  is  still  unclear  (e.g.  Hall,  Ref.  8U).  However,  it  is 
observed  that  with  increasing  angle  of  attack  vortex  breakdown  progresses  in  upstrean  direction  and  that 
it  occurs  in  regions  where  there  is  an  increase  in  the  pressure  along  the  core  (e.g.  Erickson  Ref.  85). 
Furthermore  the  phenomenon  depends  only  weakly  on  Reynolds  number .  Part  of  the  increase  in  core  dimension 
may  possibly  be  explained  as  the  response  of  the  inviscid  outer  part  of  the  rotational  core  to  a  pressure 
rise.  Although  it  is  recognized  that  vortex  flow  is  of  importance  at  transonic  and  supersonic  speed  (e.g. 
Klopfer  A  Hielsen,  Ref.  86),  in  the  present  paper  the  emphasis  will  be  on  the  case  of  vortex  flow  at  low 
speed.  As  for  the  case  of  the  vortex  wake,  the  flow  about  configurations  with  leading-edge  vortex  separa¬ 
tion  may  then  be  considered  potential  flow  with  embedded  regions  of  rotational  flow,  i.e.  vortex  sheets, 
single  and  double-branched  vortex  cores  (see  Fig.  2).  In  incompressible  flow,  the  mathematical  model  of 
this  flow  has  already  been  described  in  Section  2.3*  i.e.  equations  (2.9a-h)  for  the  potential  flow  and 
e.g.  equations  (2.3a-*c)  for  the  rotational  regions. 


3.2  Conical-flow  methods 

Observation  of  the  flow  over  the  forward  75  %  of  slender  delta  wings  suggests  that  even  at  subsonic 
speeds  the  flow  is  nearly  conical,  except  possibly  in  the  region  very  near  the  apex.  Subsonic  conical  flow 
is  only  applicable  to  wings  with  highly-swept  straight  leading  edges,  for  which  also  slender  body  theory 
is  appropriate.  Conical  flow  implies  that  the  velocity  is  constant  on  rays  from  th**  apex  and  that  the 
geometry  scales  linearly  in  downstream  direction.  Consequently  the  number  of  independent  variables  is 
reduced  to  two.  Exploiting  the  slenderness  of  the  configuration  then  results  into  a  two-dimensional  prob¬ 
lem  in  the  cross-flow  plane  (Fig.  15)*  The  surface  of  the  configuration  (not  necessarily  infinitesimal 
thin)  and  vortex  sheet  is  expressed  as 

x(s,t)  ■  s  ♦  a»  J(t)  (3.1a) 

where  a  *  cot  A,  s  is  a  surface  coordinate  in  downstream  direction,  t  is  the  arc  length  in  the  cross-flow 
plane  a  «  constant,  and  X(t)  *  (0,Y(t),  Z(t))  is  a  vector  in  this  plane.  The  position  of  the  core  (Fig.  15), 
here  modeled  by  an  isolated  line  vortex /feeding  sheet  combination  (Smith,  Ref.  1*0),  is  written  as 

xy(s)  »  s  ex  ♦  as  Xy  (3.1b) 

where  $y  is  the  dimensionless  vortex  position  in  the  cross-flow  plane.  Legendre  (Ref.  72)  and  Brown  t 
Michael  (Ref.  87)  model  the  complete  sheet  by  the  feeding  sheet /isolated  vortex  combination.  Then  by  con¬ 
formally  mapping  the  wing  geometry  onto  the  plane  of  symaetry  the  boundary  condition  on  the  solid  surface 
is  satisfied  automatically.  The  remaining  three  vmknovms ,  i.e.  X  ■-  (0,  Y  ,  Z  )  and  the  strength  of  the 
vortex,  are  determined  by  imposing  the  Kutta  condition  at  the  leXding  edg?  anX  the  condition  that  the 
model  of  the  rolled-up  sheet  carries  no  force  (Ref.  87).  Smith  (Refs  40,  88),  Barsby  (Refs  89,  90)  and 
others  have  improved  upon  this  method  by  including  a  sheet  of  finite  extent  as  shown  in  figure  15-  In  the 
transformed  plane  the  sheet  is  discretized  in  N  straight  segments  (panels)  each  carrying  constant  vorticity. 
Expressing  the  geometry  in  terms  of  polar  coordinates  centered  at  the  vortex  position,  this  introduces  an 
additional  2N  unknowns,  determined  hy  imposing  conditions  (2.9f)  and  (2.9g)  at  N  points.  The  resulting 
2N+3  nonlinear  equations,  for  as  many  unknowns,  are  solved  by  an  iterative  procedure.  The  range  of  body 
shapes  that  can  be  dealt  with  is  limited  to  cases  where  a  suitable  (set  of)  conforaal  transformations  can 
be  devised. 

In  the  conical  flow  method  developed  at  KLR  (Refs  03*  91 )»  designated  V0RC0R,  the  full  problem  is  solved 
using  a  second-order  panel  method  in  the  physical  plane,  allowing  arbitrary  cross-sections  to  be  treated 
in  a  routine  manner.  Compatibility  with  the  fully  three-dimensional  case  is  maintained  by  deriving  the 
equations  for  the  limiting  case  of  slender  conical  flow  directly  from  the  three-dimensional  formulation 
described  already  in  equations  (2.9a-h).  This  involves  expressing  the  conical  doublet  distribution  as 
y(s,t)  *  asp(t),  substitution  of  equations  (3.1a-b)  into  equation  (2.9>b),  subsequent  integration  with 
respect  to  s  from  0  to  «  followed  by  an  expansion  for  small  a  and  truncation  of  terms  of  order  a2  and 

higher  (Ref.  91).  In  the  method  the  wing  is  divided  into  NFW  panels,  the  vortex  sheet  into  IfPV  panels.  The 

functions  Y(t),  Z(t)  and  o(t)  are  approximated  by  piecewise  quadratic  spline-type  representations,  result¬ 
ing  with  the  unknown  vortex  position  into  HPW+3NFV+2  unknown  parameters.  A  formulation  in  terms  of  polar 
coordinates  centered  at  the  vortex  position  (as  used  in  Ref.  40)  would  result  in  NPV+2FPV+2  unknowns. 
However,  the  present  arc-length  formulation  is  preferred  since  it  has  no  restriction  on  the  cross-sectional 
shape- of  the  vortex  sheet  to  be  described.  An  additional  advantage  is  that  the  length  of  the  sheet  remains 
constant  throughout  the  iterative  procedure.  A  system  of  as  many  nonlinear  equations  for  as  many  unknown 
parameters  is  obtained  by  imposing  the  boundary  conditions )  at  the  panel  midpoints,  the  condition  that  t 
is  the  arc  length  along  the  sheet  and  the  "Brown  h  Michael"  type  of  force  condition  at  X  . 

Note  that  in  contrast  with  Smith  (Ref.  Uo)  in  V0RC0M  the  Kutta  condition  is  satisfied  implicitly.  It  is 

argued  that  applying  the  AC  *  0  condition  at  HPV  points  on  the  sheet  implies  that  to  consistent  order  of 

approximation  AC_  *  0  all  along  the  sheet  up  to  the  leading  edge.  Since  furthermore  the  doublet  distribution 
and  geometry  are  continuous  to  consistent  order  any  Kutta  condition  is  satisfied  implicitly.  The  (full 
Hevton)  iterative  solution  procedure  requires  an  initial  guess,  such  that  the  procedure  converges  towards 
the  solution.  For  this  purpose  it  has  been  proven  possible  to  devise  a  continuation  process,  in  most  cases 
resulting  in  a  rapid  quadratic  convergence.  One  such  process  is  to  start  with  obtaining  a  solution  for  a 
short  sheet,  for  which  the  initial  guess  is  not  that  critical  and,  to  use  this  solution  to  extend  the 
sheet.  A  second  continuation  process  consists  of  employing  the  solution  already  obtained  for  a  value  of 
the  conical  similarity  parameter  A(*  a/a  in  Refs  Uo*  88-90  and  tana/a  in  Ref.  91)  as  initial  guess  for  a 
neighbouring  value  of  A.  In  VORCOH  both  continuation  processes  have  been  automated*  providing  rapid  conver¬ 
gence  of  the  full  Vevton  procedure  employed. 

Figure  16a  shows  the  solution  obtained  for  a  delta  ving  of  unit  aspect  ratio  (a  ■  0.25)  obtained  by 
Smith  (Ref.  40)  for  a  ■  13  and  by  the  VORCOI  code  for  a  ■  lU  *  both  for  a  rather  long  vortex  sheet.  Except 
near  the  leading  edge  the  solutions  are  almost  identical.  The  computed  pressure  distributions  (see  Fig.  16b) 
show  the  characteristic  suction  peak  underneath  the  rolled-up  vortex  sheet.  There  are  some  differences  in 
the  location  and  height  of  the  suction  peak,  presumably  due  to  slight  differences  in  the  formulation 
(approximation  of  tana  by  a,  etc.  in  Ref.  Uo).  On  the  lover  surface  the  two  computational  results  are 
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nearly  identical.  At  the  leading  edge  the  pressure  on  the  upper  and  lower  surface  becoaw  equal  to  the 
pressure  on  the  vortex  sheet. 

In  figure  l6c  the  vortex  sheet  geometry  computed  by  Bar a by  (Ref.  90)  is  coopered  with  the  result 
obtained  with  V0RC0R,  for  a  AR  ■  1.0  delta  wing  at  a  **  1.4°.  Hote  that  the  vortex  sheet  is  confined  to  the 
last  10  %  of  the  wing  semi  span.  This  solution  though  interesting  froai  a  computational  point  of  view  has 
little  physical  meaning  since  at  such  low  incidence  the  free  shear  layer  will  be  completely  embedded  with¬ 
in  the  boundary  layer. 

Finally  figure  l6d  shows  the  geometry  of  the  vortex  sheet  computed  for  a  conically  cambered  wing  at 
incidences  both  above  and  below  the  incidence  for  attached  flow  o  .  V0RC0R  and  Barsby's  (Ref.  89)  method 
yield  quite  similar  results.  It  should  be  noted  here  that  computing  solutions  at  incidences  near  the  inci¬ 
dence  for  a  can  be  carried  out  employing  the  continuation  process  described  in  a  rather  routine  manner. 

The  panel  method  approach  is  easily  extended  to  cases  with  thickness.  Cases  with  thickness  like  the  ones 
treated  in  for  instance  reference  88  can  be  treated  in  a  routine  manner  by  using  a  sequence  of  solutions 
for  neighbouring  geometries.  In  the  V0RC0H  method  one  surface  of  the  wing  and  the  vortex  sheet  ore  modeled 
by  a  doublet  distribution  while  the  remaining  wing  surface  is  modeled  by  a  (linearly  varying)  source 
distribution.  The  latter  also  serves  the  purpose  of  providing  the  net  source  strength  required  to  account 
for  the  downstream  growth  of  the  cross-sectional  area. 

Conical  flow  methods  are  not  restricted  to  symmetric  problems.  For  instance  Jones  (Ref.  92)  using 
Smith's  approach  considers  the  problem  of  a  delta  wing  at  side  slip.  Also  it  should  be  possible  to  compute 
the  asyametric  solutions  observed  in  experiments  with  very  slender  symmetric  delta  wings  at  very  high 
angle  of  attack  in  symmetric  flow.  Conical  flow  methods  can  be  employed  advantageously  for 

(i)  investigation  of  the  influence  of  the  choice  of  parameters  in  the  computational  method  such  as  sheet 
length »  panel  scheme,  etc.  in  greater  detail  and  at  less  expense  than  possible  for  a  fully  three- 
dimensional  flow  method. 

(ii)  obtaining  a  first  insight  in  the  influence  of  changing  the  cross-sectional  geometry  for  design  pur¬ 
poses. 

(iii)  constructing  a  reasonable  initial  guess  for  the  full  three-dimensional  method. 

(iv)  Testing  improved  mathematical  models  and  various  numerical  schemes. 

For  reasons  of  computational  costs  often  a  relatively  short  sheet  is  used  in  three-dimensional  methods. 
If  the  rolled-up  region  is  represented  by  the  axi-symmetric  isolated  vortex  model  the  examples  considered 
in  figure  16  show  that  in  combination  with  a  short  sheet  this  representation  of  the  rolled  up  vortex  sheet 
may  not  always  be  accurate.  It  appears  that  the  development  of  improved  vortex  core  models  or  for  instance 
finite-difference  methods  based  on  the  Euler  equations  could  advantageously  start  for  conical  flow,  where 
ample  numerical  solutions  for  less  advanced  mathematical  models  already  exist.  In  this  respect  the  develop¬ 
ment  of  a  model  for  the  entrainment  of  flow  into  the  vortex  core  (eg.  Ref.  1,  p.  365)  *8  preliminary  inves¬ 
tigated  in  reference  91  might  provide  a  starting  point. 


3.3  Methods  for  non-conical  slender  config 


The  extension  of  the  conical  flow  model  to  treat  the  flow  about  slender  non-conical  configurations, 
still  within  the  limitations  of  slender-body  theory,  is  quite  straignt forward.  In  each  cross-flow  plane  a 
solution  is  found  of  Laplace's  equation  in  two  dimensions,  satisfying  appropriate  boundary  conditions  in 
this  plane.  The  variation  of  the  geometry  in  axial  direction  enters  only  through  the  boundary  conditions. 
The  derivatives  in  axial  direction  are  approximated  using  finite  differences  Smith  (Ref.  93)  extended  the 
Brown  &  Michael  model  to  treat  plane  wings  with  curved  leading  edges.  Sacks,  Lundberg  4  Hanson  (Ref.  94) 
treated  wing-body  configurations  employing  a  discrete  vortex  technique  to  represent  the  leading-edge  vortex 
sheet.  Later  Fink  <1  Soh  (Ref.  95)  applied  their  rediscretization  technique  to  regularize  the  results  of  the 
discrete-vortex  simulation  of  leading-edge  vortex  flow.  Quite  recently  Rao  4  Maskew  (Refs  96,  97)  employed 
the  di 8 cret e-vortex  method  regularized  by  means  of  the  sub-vortex  technique,  rediscretization  and  amalgama¬ 
tion  as  introduced  by  Moore  (Ref.  27l»  to  compute  the  flow  about  wings  with  curved  leading  edges  and  wings 
with  thickness.  The  basic  difficulty  with  the  slender-body  discrete  vortex  technique  is  that  at  subsequent 
cross-flow  planes  new  discrete  vortices  must  be  shed  to  account  for  the  increasing  strength  of  the  leading- 
edge  vortex  sheet.  Obtaining  the  strength  and  position  of  the  newly  shed  vortex  from  Kutta-condition  type 
of  considerations  differs  for  each  method  and  inevitably  involves  some  empiricism.  In  figure  17  results  of 
the  above  methods  obtained  for  a  delta  wing  are  compared  with  conical  flow  methods,  showing  that  similar 
results  are  obtained.  Jones  (Ref.  98}  and  Clark  (Ref.  99)  have  extended  Smith's  (Ref.  4o)  vortex-sheet 
model  to  curved  leading  edges  and  to  non- flat  wings.  As  also  demonstrated  by  Rao  4  Maskew  (Refs  96  ,  97) 
realistic  results  can  be  obtained  for  wings  with  curved  leading  edges.  Clark's  (Ref.  99)  result  for  a 
atreamvise  cambered  delta  wing  indicates  that  for  non-flat  wings  quite  nontrivial  vortex-sheet  shapes  may 
be  expected,  possibly  involving  a  double-branched  vortex  core. 

Since  in  each  cross- flow  plane  only  a  two-dimensional  problem  is  solved,  comparable  to  the  one  two- 
dimensional  problem  solved  in  conical  flow  methods,  the  methods  for  nonconical  slender  bodies  also  provide 
a  relatively  inexpensive  tool  for  preliminary  investigation  of  the  fully  three-dimensional  case  and  in 
addition  can  provide  a  reasonable  and  cost-effective  initial  guess  for  the  three-dimensional  solution  of 
such  configurations.  The  major  drawback  of  the  method,  inherent  to  slender-body  theory,  is  that  the 
trailing-edge  Kutta  condition  is  not  accounted  for. 

Downstream  of  the  trailing  edge  of  the  slender  wing  the  time-dependent  analogy  described  in  the  pre¬ 
ceding  chapter  can  be  applied.  The  initial  values  are  the  shape  of  the  wing  and  vortex  sheet  together  with 
the  atreamvise  vorticity  distribution  in  the  trailing  edge  cross-flow  plane.  Employing  as  input  the  vortex- 
sheet  shape  and  vorticity  distribution  computed  by  a  method  for  conical  flow  or  those  computed  by  a  non- 
conical  slender-body  method  will  result  in  a  good  initial  guess  for  the  fully  three-dimens inal  method. 

In  figure  18  ccaputed  wake  shapes  are  compared  with  experimental  data  obtained  by  Hummel  (Ref.  76). 

The  V0R2DT  computational  procedure  has  been  discussed  in  the  preceding  section,  the  initial  solution  was 
obtained  from  the  V0RC0R  conical  flow  program.  The  result  due  to  Jeppe  (Ref.  100)  is  obtained  by  the  basic 
( Westvater-type)  discrete-vortex  method,  using  a  guess  for  the  shape  of  the  vortex  sheet  at  the  trailing 
edge  and  no  core  representation.  The  result  due  to  Kandil  (Ref.  101}  is  obtained  using  a  three-dimensional 
nonlinear  vortex-lattice  method  with  an  amalgamation  procedure.  Both  discrete-vortex  methods  show  same 
tendency  of  the  wake  to  form  the  double-branched  vortex,  but  presx^ably  the  number  of  vortices  is  insuffi¬ 
cient  to  obtain  more  detail.  If  the  number  of  vortices  is  increased  numerical  problems  are  to  be  expected. 
The  V0R2DT  result  is  in  rather  close  agreement  with  Hwl'a  (Ref.  76)  experimental  data.  Rote  that  com¬ 
pared  with  Hummel's  result  all  three  computational  results  have  about  the  same  difference  in  the  downward 
displacement  of  the  wake  near  the  plane  of  syMetry.  This  difference  is  possibly  attributable  to  wind- 


tunnel  wall  interference. 

Jepps  (Ref.  61)  has  developed  the  so-called  hybrid  method  in  which  the  two-dimensional  cross-flow 
plane  onset  velocity  field  is  supplied  by  a  three-dimensional  panel  method  calculation  applied  to  the  con¬ 
figuration  with  position  and  strength  of  vortex  sheets  specified.  The  new  position  and  strength  of  the 
vortex  sheets  in  each  cross- flow  plane  is  then  computed  using  the  slender-body  approach.  The  latter 
involves  the  solution  of  a  set  of  two-dimensional  flow  problems,  which  is  accomplished  employing  a  two- 
dimensional  panel  method.  Subsequently  the  three-dimensional  panel  method  provides  the  new  cross-flow  plane 
onset  flow.  It  is  suggested  that  solving  a  set  of  (much)  simpler  and  smaller  two-dimensional  problems 
instead  of  the  full  three-dimensional  problem  results  in  an  easy  to  use  as  well  as  cost-effective  computa¬ 
tional  procedure.  Thus far  the  method  has  been  applied  using  the  simple  Brown  4  Michael  model  only. 


3.i*  Methods  for  three-dimensional  flow 

In  order  to  account  for  the  upstream  effects  of  trailing  edge,  wake  and  changes  in  geometry  methods 
are  required  that  within  the  limitations  of  the  mathematical  model  employed  solve  the  complete  three- 
dimensional  problem.  The  model  of  the  flow  for  the  case  of  a  delta  wing  is  depicted  schematically  in 
figure  19.  In  essence  it  is  the  extension  to  three  dimensions  of  Smith's  (Ref.  Uo)  vortex-sheet  model  for 
conical  .low.  The  same  type  of  model  also  applies  to  more  general  slender  configurations,  as  long  as  the 
flow  separates  all  along  the  leading  (or  side)  edge.  In  this  section  various  computational  methods  devel¬ 
oped  to  treat  the  fully  three-dimensional  problem  are  discussed,  more  or  less  in  order  of  their  sophisti¬ 
cation  of  the  numerical  approach. 


3.U.1  The  leading-edge  suction  analogy  of  Polhamus 

The  most  widely  used  method  for  predicting  the  characteristics  of  configurations  employing  vortex 
flow  is  the  so-called  "Polhamus  suction  analogy"  (Ref.  102).  The  analogy  ib  based  on  the  assumption  that 
the  vortex  lift  effect  can  be  predicted  utilizing  the  edge  suction  forces.  In  classical  lifting  surface 
(attached  flow)  theory  a  suction  force  occutb  at  leading  and  side-edges.  This  force  acts  normal  to  the 
local  leading  edge  and  lies  in  the  plane  of  the  wing.  The  magnitude  of  the  suction  force  depends  on  the 
amplitude  of  the  singular  part  of  the  loading  as  the  edge  is  approched.  On  a  three-dimensional  wing  the 
normal  force  found  from  integration  of  the  net  pressure  distribution  and  the  auction  force  combine  to 
yield  the  lift,  side  force  and  induced  drag  of  the  wing.  If  the  flow  separates  at  the  edge  the  suction 
force  is  lost.  The  analogy  is  based  on  the  conjecture  that  in  the  latter  case  the  suction  force  is  recov¬ 
ered  as  a  force  rotated  through  90  deg  to  act  in  the  direction  of  the  normal  Torce  (Fig.  20).  This  implies 
that  the  aerodynamic  forces  and  moments  on  configurations  with  vortex  flow  can  be  computed  by  utilizing  any 
conventional  linear  attached  flow  method.  The  magnitude  of  th  suction  force  follows  then  from  the  behav¬ 
iour  of  the  loading  near  the  edge.  The  method  has  been  applied  to  a  variety  of  configurations  in  subsonic 
and  in  supersonic  flow.-  In  general  the  correlation  of  computed  forces,  and  to  a  lesser  extent  moments,  with 
experimental  data  is  very  good.  With  a  vortex- lattice  method  as  attached  flow  solver  Lamar  and  his  co-work¬ 
ers  (Refs  78,  102-106)  have  developed  the  method  towards  a  very  useful  engineering  tool  both  for  analysis 
and  design.  Purvis  (Ref.  107)  employs  a  mode- function  type  of  approach  for  the  attached  flow  theory,  where 
the  amplitude  of  the  auction  forces  is  directly  related  to  the  amplitude  of  the  singular  mode  functions. 
Larson  (Ref.  108)  derived  a  set  of  semi-empirical  analytical  formulas  that  for  rectangular  wings  represent 
the  nonlinear  forces  and  pitching  moment  as  computed  by  the  vortex-lattice  method/suction  analogy  proce¬ 
dure.  However,  it  is  noted  that  the  case  of  the  interaction  of  a  vortex  with  parts  of  the  configuration  not 
near  the  edge,  requires  special  modeling.  An  example  of  this  is  the  atrake-wing  configuration,  for  which  a 
so-called  augmented  vortex- lift  concept  has  been  developed  (Ref.  79,  109).  Also  the  occurrence  of  vortex 
breakdown,  which  is  one  of  the  prime  considerations  in  strake  design,  has  been  considered  to  some  depth  by 
Lamar  4  Frink  (Refs  110,  111)  in  connection  with  the  suction  analogy.  Kulfan  (Ref.  112)  has  developed  a 
concept  for  treating  rounded  leading  edges,  where  only  a  "partial  recovery"  of  the  suction  force  is 
achieved.  The  major  drawback  of  the  methods,  using  the  suction  analogy  is  that  the  pressure  and  velocity 
distribution  cannot  be  predicted  and  that  new  situations,  e.g.  the  encounter  of  a  canard  vortex  with  a 
wing,  require  the  development  of  new  empirical  concepts. 


3.U.2  Vortex-lattice  methods 

The  basic  vortex  lattice  method  has  already  been  described  in  the  preceding  chapter.  In  case  of  sepa¬ 
ration  from  the  leading  or  side  edge  discrete  line  vortices  trail  from  these  edges.  These  vortices  form 
the  discrete  representation  of  the  rolling-up  vortex  sheet.  The  boundary  conditions  on  the  sheet  are  satis¬ 
fied  by  aligning  the  vortices  in  local  flow  direction,  while  simultaneously  their  strength  follows  from 
satisfying  the  stream  surface  condition  on  the  wing.  It  appears  that  reasonable  results  can  already  be 
obtained  for  the  forces  and  moments  by  fixing  the  line  vortices  at  an  angle  of  a/2  (Gersten,  Ref.  113). 
Belotserkovskii  (Refs  lilt,  115)  considered  separation  from  side-edges  of  low-aspect  ratio  wings,  using  the 
vortex-lattice  method  and  relaxing  the  line  vortices  emanating  from  the  side  edges.  Rehbach  (  1 1 6 ) 

applied  the  (nonlinear)  vortex- lattice  method  to  the  case  of  s  slender  delta  wing.  The  solu'-io.. 
obtained  by  starting  with  the  solution  for  a  rectangular  wing  with  side-edge  separation  and  gradually 
decreasing  the  sweep  of  the  side  edge  until  the  delta  wing  is  obtained,  the  new  position  and  strength  of 
the  vortex  sheet  being  computed  after  each  change.  In  reference  117  the  same  geometry  perturbation  proce¬ 
dure  is  applied  to  obtain  solutions  for  a  flat  ogee  wing,  a  flat  gothic  wing  and  two  chordvise  cambered 
delta  wings.  Correlation  of  computed  vortex-sheet  shapes  with  water-tunnel  flow  visualization  is  good, 
however,  it  is  stated  that  although  overall  force  and  momenta  are  predicted  satisfactorily  the  computed 
pressure  distribution  compares  poorly  with  experimental  data.  SchrSder  (Ref.  1 1 8 )  developed  a  method  for 
computing  the  characteristics  of  wings  in  the  presence  of  rolling-up  vortex  s.neets  from  side  and  leading 
edges,  quite  similar  to  Rehbach fs  method.  Several  improvements  were  implemented  and  reasonable  results 
have  been  obtained  for  various  wings.  However,  no  converged  solution  could  be  obtained  for  the  delta  wing 
In  Rehbach's  method  the  vortex  core  is  not  explicitly  modeled.  This  is  also  the  case  for  the  earlier  non¬ 
linear  vortex-lattice  method  developed  by  Kandil  et  al.  (e.g.  Refs  119-121).  A  result  of  this  method, 
modified  to  include  an  amalgamation  procedure  (Refs  101,  122)  for  the  core  of  the  leading-edge  vortex,  was 
already  shown  in  figure  18.  From  a  perusal  of  published  results  of  nonlinear  vortex-lattice  methods  it 
must  be  concluded  that  employing  a  discrete  vortex  representation  for  vortex  sheets  is  apparently  a  too 
crude  approximation.  Difficulties  like  the  ones  encountered  in  the  two-dimensional  time-dependent  analogy 
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(close  encounter  with  other  vortex  or  with  wing,  rapid  stretching,  etc.)  appear  in  the  three-dimensional 
case  in  the  same  form.  In  addition  there  is  the  problem  of  the  singular  behaviour  of  the  self-induced 
velocity  of  a  discrete  curved  vortex.  However,  reasonable  results  for  overall  forces  can  be  obtained  if 
the  number  of  free  line  vortices  is  kept  small.  In  this  respect  it  is  interesting  to  note  that  satisfactory 
results  for  forces  and  moments  have  also  been  obtained  by  Hangia  4  Hancock  (Ref.  123)  who  modeled  the  core 
only  (i.e.  a  three-dimensional  version  of  the  model  of  Brown  fc  Michael).  They  held  the  vake-vortex  sheet 
at  a  fixed  position  but  allowed  for  the  adjustment  of  the  vorticity  distribution  on  the  wake.  The  latter 
implies  that  the  trailing -edge  Kutta  condition  can  be  satisfied  (i.e.  ■  0)  and  also  that  downstream  of 

the  trailing  edge  the  core  is  still  being  fed  with  vorticity  and  thus  keeps  on  growing  in  strength. 


3.b.3  Panel  methods 

A  number  of  the  numerical  problems,  obviously  associated  with  discrete  vortex  methods,  can  be  overcome 
by  employing  a  panel-method  type  of  approximation,  thereby  eliminating  the  singular  velocity  field  asso¬ 
ciated  with  a  discrete  line  vortex.  In  this  approach  the  configuration  as  well  as  the  vortex  sheets  are 
divided  into  panels.  The  geometry  of  each  panel  as  well  as  the  singularity  distribution(s)  on  it  are 
approximated  by  local  (surface  spline-type)  representations.  There  have  been  some  attempts  (Refs  12k- 126) 
to  improve  upon  the  vortex-lattice  approach  by  incorporating  some  ingredients  of  the  panel  method  approach. 
If  this  hybrid  approach  will  be  successful  is  not  yet  completely  clear. 


Boeing’s  LEV  method 

The  panel  method  developed  at  Boeing  by  Johnson  et  al.  (Refs  12T-132)  is  the  most  sophisticated  panel 
method  for  computing  the  subsonic  subcritical  flow  about  configurations  with  free  vortex  sheets.  The  model 
used  in  the  latest  improved  version  (Refs  128-13 2)  is  reproduced  in  figure  21a.  The  model  consists  of  the 


wing  surface,  the  leading-edge  vortex  sheet,  the  so-called  fed  (feeding)  sheet,  a  near  wake  and  a  trailing 
(far)  wake.  The  zero-norm&l  velocity  condition  (Eq.  2-9f)  is  replaced  by  the  zero  normal  mass-flux 


boundary  condition 


pu.n  *  0  (3*2a) 

Expansion  of^pu  assuming  small  perturbations,  i.e.  p  ■  pj  1  -  M*l^.$j>/U2)  and  writing  u  *  results 

with  *nto  the  linearized  mass-flux  boundary  condition: 

P J$m  ♦  82[B"l)([B-1]$p)3.n  .  0  (3.2b) 

where  terms  of  order  |$pj2  have  been  neglected.  Rote  that  this  condition  implies  that  at  the  surface  the 
normal -velocity  component  is  not  zero.  It  may  be  verified  using  equation  (2.9c)  that  this  linearized  total 
mass-flux  vector  experiences  a  jump  of 
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which  implies  that  for  this  quantity  there  is  no  normal  jump  associated  with  a  doublet  distribution,  i.e. 
no  source  distribution  is  required  to  nullify  such  a  jump  and  only  a  doublet  distribution  can  be  used  to 
model  the  (thin)  wing  and  the  vortex  sheets.  On  the  vortex  sheets  the  zero  pressure  jump  conditions  (Eq. 
(2.9g))  is  imposed  employing  the  second-order  pressure  formula  (2.9e).  In  the  method  the  position  of  the 
wake  (i.e.  the  vortex  sheet  downstream  of  the  trailing  edge)  iB  held  fixed,  analogous  to  Nangia  A 
Hancock  (Ref.  123).  On  the  near  wake  only  the  zero  pressure  jump  condition  is  applied.  This  furnishes  the 
doublet  distribution  the  freedom  to  adjust  in  lateral  direction.  On  the  trailing  (far)  wake,  directed  in 
free-streaa  direction,  the  doublet  distribution  is  constant  in  streamwise  direction.  This  is  equivalent  to 
prescribing  the  zero  pressure  jump  condition  (2.9g)  to  first-order  accuracy.  At  the  leading  and  trailing 
edges  the  Kutta- type  condition  is  applied  that  the  component  of  the  surface  vorticity  vector  along  the 
edge  is  continuous  across  the  edge.  Finally  it  is  required  that  there  is  no  resultant  force  in  the  plane 
normal  to  the  model  of  the  vortex  core. 


In  the  computer  code,  designated  LEV  code,  the  configuration  and  vortex  sheets  are  divided  into 
panels.  Each  panel  is  flat  and  carries  a  quadratically  varying  doublet  distribution  given  by 


y(s,t)  -  n*  ♦  (s-s*)yj  ♦  (t-t*)p*  ♦  J(s-s*)2uJB  ♦  (s-s*)(t-t*)vjt  +  }(t-t*)2y*i 


(3.3) 


where  (s,t)  are  local  surface  coordinates  and  y*,  y*,  y*,  etc.  are  quantities  at  the  panel  center  (s*,  t*). 
'anel  midpoints  are  chosen  as  collocation  points.  tRc  main  difficulty  lies  in  constructing  for  the  mixed 
analysis/design  type  of  condition  on  the  vortex  sheet  a  numerically  stable  scheme  for  expressing 
U*»  y£»  yf,  etc.  in  texms  of  the  unknown  singularity  parameters.  The  singularity  parameters  correspond  to 
doublet  values  at  panel  centers,  panel  corner  points  or  panel-edge  midpoints  depending  on  whether  the 
panel  is  on  the  solid  surface,  the  vortex  sheet,  the  near  or  far  wake  or  the  feeding  sheet. 

In  the  earlier  version  of  the  method  (Ref.  12?)  y#,  y#,  yj,  etc.  were  defined  by  fitting  a  quadratic 
through  the  singularity  parameters  in  an  immediate  neighbourhood  of  the  panel.  Subsequently  the  induced 
velocity  (aerodynamic  influence  coefficients)  were  computed  by  the  discretized  version  of  equation  (2.9b). 
Since  neither  the  doublet  distribution  nor  the  geometry  is  continuous  across  panel  edges  the  last 
(discrete  line  vortex)  integral  in  equation  (2.9b)  cannot  be  discarded.  In  the  earlier  method  these  dis¬ 
crete  vortices  caused  a  great  deal  of  spurious  effects.  The  starting  point  for  the  fozmulation  of  the 
improved  method  (Refs  128-131)  is  to  enforce  strict  continuity  of  both  doublet  distribution  and  geometry, 
so  that  the  discrete-vortex  integral  can  be  discarded  everywhere  except  at  panel  edges  corresponding  to 
the  leading-edge  vortex  core.  Geometric  continuity  is  warranted  by  describing  each  panel  by  a  hype rboloi dal 
surface,  completely  determined  by  its  four  corner  points.  Continuity  of  the  doublet  distribution  is  guaran¬ 
teed  by  choosing  a  nine-parameter  polynomial  expression  involving  function  values  at  the  four  corner 
points,  the  four  panel-edge  midpoints  and  the  panel  center.  These  nine  doublet  values  are  expressed  in 
terms  of  the  unknown  singularity  parameters  by  a  weighted  least-squares  fit  through  (16)  neighbouring  sin¬ 
gularity  parameters.  Although  the  piecewise  surface  integration  in  equation  (2.9b)  over  the  hyperboloidal 
panels  carrying  any  polynomial  distribution  can  be  performed  in  closed  form  without  further  approximation 
(Morino,  Ref.  133),  this  has  apparently  been  overlooked.  Instead  a  presumably  rather  costly  numerical 
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approximation  to  these  integrals  was  developed.  However,  it  was  found  that  the  original  flat  panel  approxi¬ 
mation  along  with  the  quadratic  approximation  to  the  nine-parameter  polynomial  doublet  distribution  (i.e. 
equation  13.3))  agreed  veil  with  the  strict  continuous  formulation  Subsequently  the  original  flat  panel/ 
quadratic  doublet  distribution  formulation  was  reinstated,  emitting  the  discrete  edge  vortices.  In  effect 
this  is  equivalent  to  first  considering  geometry  and  y  to  be  continuous,  omitting  the  last  term  in  equa¬ 
tion  (2.9b),  followed  by  discretisation  of  the  remaining  doublet  (vorticity)  integral. 

Note,  however,  that  now  the  numerical  scheme  to  express  y*,  y*,  y£,  etc.  in  terms  of  the  singularity 
parameters  involves  the  intermediate  step  of  expressing  y*,  y*,  y*,  etc.  in  terms  of  the  nine  doublet 
parameters  of  the  panel  considered.  This  appears  to  introduce  sufficient  smoothing  for  providing  stability 
in  most  cases. 

Figure  21b  displays  the  kinematics  of  the  free  and  fed  sheet.  The  degrees  of  freedom  are  the  panel 
orientation  angles  8,  the  scale  factor  X  for  the  total  vortex  system  and  the  scale  factor  v  for  the  feed¬ 
ing  sheet.  Note  that  the  attitude  of  the  feeding  sheet  is  fixed  with  respect  to  the  last  panel. 

The  system  of  nonlinear  equations  arising  from  application  of  the  boundary  conditions  is  solved  using 
a  quasi-Newton  procedure  with  controlled  stepsize.  It  must  be  realized  that  the  Jacobian  matrix  involves 
the  computation  of  the  derivative  of  the  aerodynamic  influence  coefficients  with  respect  to  the  unknown 
geometry  parameters  and  is  rather  computationally  expensive.  Also  because  the  scheme  used  to  express  the 
doublet  distribution  on  a  panel  in  terms  of  the  unknown  singularity  parameters  involves  geometry,  deriva¬ 
tives  of  these  expressions  with  respect  to  the  geometric  unknowns  are  necessary.  To  reduce  computational 
expense  the  Jacobian  is  not  recomputed  at  each  iteration.  To  what  extent  the  then  computed  Jacobian  is 
approximate  is  not  extensively  described.  However,  clearly  one  should  compare  the  computational  effort  of 
obtaining  a  more  accurate  Jacobian  with  the  computational  cost  of  executing  more  iterations  with  a  less 
accurate  but  less  expensive  approximation  to  the  Jacobian.  It  appears  that  still  some  instability  is 
present  in  the  method,  leading  to  problems  in  cases  where  the  initial  guess  is  too  far  off  (Ref.  132).  In 
such  cases  a  no-panel- twist  condition  is  added  and  a  least-squares  solution  procedure  is  used  to  obtain  a 
solution. 

The  NLR  VORSEP  method 

The  three-dimensional  flow  method  developed  at  NLR  (Refs  83,  131*)  is  based  on  the  same  model  as 
Boeing’s  method.  However,  the  numerical  implementation  differs  in  a  number  of  points.  The  method  is  .nter.d- 
ed  to  solve  for  the  flow  about  slender  wings  of  general  shape  and  planform  with  leading-edge  vortex  flow. 

In  the  method,  designated  VORSEP,  the  problem  is  solved  in  the  rectangular  computational  domain  depicted 
in  figure  22a.  In  the  computational  domain  the  wing  is  mapped  onto  the  square  (s,t )€( [0,1 ] ,[0, 1 ) ) ,  the 
leading-edge  vortex  sheet  on  the  region  ( 8,t )€( [ 1 ,T] , [0, 1 ] ) ,  the  near  wake  on  s€[1,  Sf]  and  the  far  wake 
on  s€[Sf,»).  In  contrast  with  Boeing's  method  the  near  wake  is  free  to  move  to  a  position  where  both  the 
zero  normal  velocity  boundary  condition  and  the  zero  pressure  jump  condition  are  satisfied.  In  the  VORSEP 
method  no  explicit  Kutta  condition  is  applied,  rather  it  is  assumed  that  application  of  AC  *  0  on  the 
sheet  and  near  wake  in  conjunction  with  the  assumption  that  in  all  of  the  rectangular  domain 
(s,t)€([0,S  ],[0,T])  loth  doublet  distribution  and  geometry  are  continuous  and  have  continuous  first  deriv¬ 
atives  imply  zero  pressure  jump,  finite  flow,  etc.  at  the  leading  and  trailing  edge.  The  computational 
domain  is  subdivided  into  rectangular  panels  and  panelwise  quadratic  representations  for  the  unknown  bi¬ 
variate  functions  y(s,t)  and  x(s,t)  as  given  in  equation  (3.3)  are  defined.  Taking  (s*,t*)  as  the  panel 
midpoint  y*,  y*,  etc.  are  approximated  by  second-order  accurate  finite  difference  type  expressions,  in¬ 
volving  function  valves  at  neighbouring  midpoints  (Fig.  22b).  Because  the  computational  domain  is  rectangu¬ 
lar  and  globally  defined  the  latter  expressions  are  relatively  simple.  Across  panel  edges  both  geometry  and 
doublet  distribution  are  discontinuous  in  function  value  and  their  derivatives.  However,  because  the  dis¬ 
continuities  are  small  of  higher  order  they  are  neglected.  In  the  preliminary  version  of  the  program 
(Ref.  13M  central  differences  were  chosen,  but  it  turned  out  that  for  the  mixed  analysis /design  type  of 
boundary  conditions  on  the  sheet  and  near  wake  this  choice  resulted  into  instabilities.  In  the  subsequent 
development  it  was  found  that  numerical  stability  could  be  achieved  by  a  central  difference  scheme  for  the 
second  derivatives  and  a  one-sided  second-order  accurate  scheme  for  the  first  derivatives.  The  panel  mid¬ 
points  are  taken  as  the  collocation  points  and  the  number  of  unknowns  equals  the  number  of  boundary  condi¬ 
tions  (Fig.  22b). 

The  velocity  induced  by  the  doublet  distribution  is  computed  from  equation  (2.9b),  omitting  the  last 
line  integral  because  of  the  assumed  continuity,  :n  closed  form  to  second-order  accuracy  employing  a 
small-curvature  expansion.  For  collocation  points  in  the  far  field  of  a  panel  an  appropriate  second-order 
accurate  far-field  expansion  is  used.  The  system  of  nonlinear  equations  is  solved  using  a  quasi-Newton 
procedure.  In  this  procedure  the  Jacobian  matrix  is  stripped  and  the  gradient  matrix  equation  has,  similar 
to  the  fir.ite  difference  molecule,  a  four  block -diagonal  form,  which  can  be  solved  very  efficiently.  All 
the  derivatives  and  in  particular  those  of  the  induced  velocity  with  respect  to  the  geometric  parameters 
are  obtained  from  closed  form  expressions,  avoiding  the  very  expensive  numerical  differentiation.  In  the 
present  quasi-Newton  process  the  residue  decreases  by  an  order  of  magnitude  or  more  in  each  interation,  no 
step-size  control  is  necessary  and  the  solution  is  usually  obtained  in  5  or  6  iterations,  recomputing  the 
Jacobian  matrix  during  each  iteration.  The  initial  guess  for  starting  the  iterative  procedure  is  obtained 
from  the  conical  flow  method  V0RC0H  and  the  wake  roll-up  method  V0R2DT  described  earlier.  Furthermore  con¬ 
tinuation  procedures  are  used  to  extend  already  obtained  solutions  to  solutions  with  a  longer  or  shorter 
vortex  sheet  or  near  wake.  Also  continuation  to  neighbouring  angles  of  attack  is  often  used.  Divergence  of 
the  iterative  procedure  becomes  usually  apparent  first  on  the  last  strip  of  the  near  wake  (the  sheet 
crossing  itself,  etc.).  Although  set  up  originally  for  incompressible  flow  it  could  easily  be  extended  to 
linear  compressible  flow. 

Examples  of  application 

In  figure  23a  vortex  sheet  shapes  computed  by  the  VORSEP  panel  method,  are  shown  for  an  AR  ■  1  delta 
wing  (76  deg  sweep)  at  o  *  20  degrees.  As  far  as  the  geometry  is  concerned  the  solution  is  conical  up  to 
80-90  %  of  the  wing  chord.  In  the  VORSEP  method  the  near  wake  is  not  fixed,  but  the  trailing-edge  vortex 
(see  Fig.  18)  is  not  modeled  explicitly.  However,  it  does  snow  up  in  the  present  result  as  a  dent  in  the 
shape  of  the  sheet.  Results  of  further  computations  with  the  VORSEP  method  using  a  finer  paneled  near  wake 
are  presented  in  figure  23b.  In  both  cases  the  near  wake  contains  6  strips  but  for  the  sake  of  reducing  the 
computational  effort  the  length  of  the  vortex  sheet  has  been  shortened.  The  results  indicate  that  the 
details  of  the  trailing  vortex  roll-up  become  apparent  as  the  discretization  in  the  near  wake  is  refined. 
Fortunately,  however,  the  influence  of  the  near  wake  discretization  on  the  leading-edge  vortex  sheet 
geometry,  lift  and  pitching  moment  and  pressure  distribution  is  rather  small.  That  the  geometry  is  conical 


almost  up  to  the  trailing  edge  is  demonstrated  in  figure  23c  where  the  conic&l  solution  is  compared  with 
the  three-dimensional  solution.  However,  the  doublet  distribution,  which  in  case  of  conical  flow  increases 
linearly  in  downstream  direction,  deviates  from  the  conical  solution  obviously  at  the  trailing  edge  where 
the  Kutta  condition  is  satisfied,  but  also  near  the  apex.  This  is  also  found  in  the  pressure  distribution 
on  the  delta  wing  (Fig.  23d),  which  shows  that  on  the  upper  surface  the  pressure  increases  monotonically 
towards  the  trailing  edge.  On  the  lower  wing  surface  the  three-dimensional  pressure  distribution  agrees 
better  with  the  conical  flow  solution.  In  figure  2 the  solution  obtained  for  the  AH  *  1 .0  delta  wing  at 
a  *  20  degrees  as  obtained  by  the  LEY  code  (Ref.  131 )  and  as  obtained  by  the  VORSEP  code  are  compared.  The 
vortex  sheet  computed  by  the  LEV  code  appears  to  be  less  curved  near  the  leading  edge.  The  vortex  core 
computed  by  the  LEV  code  is  further  inboard  than  the  one  computed  by  VORSEP.  Correspondingly  the  suction 
peak  is  shifted  slightly  in  inboard  direction.  This  shift  is  probably  more  than  might  be  expected  from  the 
difference  in  sheet  length  used  in  the  computation-  The  upper  wing  surface  suction  peaks  and  corresponding¬ 
ly  the  lift  coefficient  computed  by  the  LEV  code  for  the  60  wing-panel  case  is  lower  than  computed  by 
VORSEP  for  the  100  wing  panel  case.  In  general  there  is  a  trend  for  the  lift  to  increase  slightly  with  the 
angular  extent  of  the  vortex  sheet,  at  least  until  the  angular  extent  of  the  sheet  is  2n  or  greater.  This 
effect  is  caused  by  the  vorticity  in  the  additional  portion  of  the  sheet  being  closer  to  the  wing  upper 
surface  in  the  case  of  the  longer  sheet  than  in  the  case  of  the  shorter  sheet  where  this  additional  vorti¬ 
city  resides  in  the  vortex  core  further  away  from  the  wing  surface.  This  is  illustrated  for  the  LEV  code 
in  reference  131  for  the  case  of  the  AR  •  0.25  delta  wing  and  for  the  VORSEP  code  in  figure  25  for  the 
case  of  the  AR  *  1,0  delta  wing,  both  at  20  degrees  incidence.  This  effect  will  be  more  pronounced  for 
higher  incidences  and  lower  aspect  ratios  where  the  vortex  core  is  relatively  further  away  from  wing.  The 
shape  of  the  fixed  near  wake  to  be  chosen  for  the  LEV  code  has  a  rather  large  influence  on  the  convergence 
characteristics  of  this  method  (see  Ref.  129).  The  example  considered  for  the  VORSEP  code  with  its 
"relaxed"  near  wake  is  the  migration  of  the  solution  for  the  AR  *  1.0  delta  wing  at  a  ■  20  degrees,  to  the 
solution  for  the  same  wing  at  a  =  17.5  degrees  (Fig.  26).  The  convergence  of  the  quasi-Newton  procedure  is 
satisfactory  for  this  case.  Quite  apparent  in  the  VORSEP  result  is  that  keeping  the  arc  length  of  the 
sheet  fixed  results  in  an  increased  roll-up. 

Comparison  of  computed  results  with  experimental  data  demonstrates  that  panel  methods  have  the  poten¬ 
tial  to  predict  detailed  characteristics  of  the  vortex  flow.  Figure  2 7a  compares  computed  vortex  locations 
with  experimental  data  (Ref.  83).  The  position  of  the  vortices  is  excellently  predicted  by  V0RC0N/V0R2DT. 

The  position  of  the  leading-edge  vortex  core  as  predicted  by  VORSEP  is  satisfactory  and  it  may  be  verified 
that  the  location  of  the  dent  in  the  vortex  sheet  in  figure  23  corresponds  with  the  shown  position  of  the 
trailing-edge  vortex.  In  figure  27b  the  computed  pressure  distribution  is  compared  with  experimental  data 
of  references  135  and  136.  Though  the  agreement  of  computed  and  measured  pressure  distributions  is  quite 
satisfactory,  this  figure  shows  one  of  the  main  difficulties  in  comparing  computed  and  experimental  vortex 
flow  results.  It  concerns  the  secondary  separation  just  outboard  of  the  lateral  position  of  the  leading- 
edge  vortex.  The  effect  of  the  secondary  separation  depends  on  the  status  (laminar  or  turbulent)  of  the 
boundary  layer  on  the  wing  upper  surface.  Especially  in  the  case  of  a  laminar  boundary  layer  the  experi¬ 
mentally  found  auction  peak  is  generally  lower  than  the  one  computed  and  in  some  cases  the  secondary  vortex 
core  induces  a  second  suction  peak  between  the  leading-edge  vortex  and  the  leading  edge.  In  case  of  the 
experiment  of  reference  136  the  boundary  layer  was  fully  turbulent,  while  in  reference  135  transition  took 
place  at  60  %  root  chord.  In  both  experiments  secondary  separation  effects  are  evident.  Note  that  VORSEP 
correctly  predicts  the  upper  surface  pressure  increase  towards  the  trailing  edge  and  also  that  the  conical 
flow  method  V0RC0N  gives  a  good  prediction  up  to  50  %  root  chord.  The  effect  of  secondary  separation  is 
much  more  apparent  in  the  laminar  flow  case  considered  in  figure  27c.  It  is  the  case  of  the  70  degrees 
swept  delta  wing  at  lU  degrees  incidence.  The  suction  peaks  predicted  by  the  VORSEP  code  are  not  attained 
in  the  experiment  of  Marsden  et  al.  (Ref.  137).  The  computational  results  of  the  (early  version  of  the)  LEV 
code  show  that  the  measured  pressure  distribution  is  predicted  quite  satisfactorily.  However,  it  appears  that 
the  30  wing  panels  used  are  insufficient  to  resolve  the  suction  peaks.  This  is  also  indicated  by  the  compu¬ 
tational  results  for  the  same  wing  at  lower  incidence  presented  in  reference  127  where  auction  peaks  even 
lower  than  measured  are  predicted.  In  general,  for  wings  with  turbulent  boundary  layers,  as  shown  in  figure 
27b,  correlation  is  better  than  for  the  laminar  boundary  layer  case  shown  in  figure  27c.  In  figure  26 
vortex  sheet  shapes  are  compared  computed  with  the  Rehbach  (Ref.  116)  vortex  lattice  method,  the  conical 
flow  method  V0RC0N  and  the  three-dimensional  panel  method  VORSEP.  It  appears  that  compared  to  the  panel 
methods  the  vortex  lattice  method  predicts  a  vortex  system  that  extents  more  inboard  and  upward.  Figure  29 
shows  the  vortex  sheet  geometry  computed  by  VORSEP  for  a  wing  with  a  Concorde  type  ogee  planfor*.  Comparing 
this  result  with  the  result  of  Maskew's  (Ref.  97)  quasi  three-dimensional  discrete  vortex  method  again 
shows  that  the  latter  method  predicts  a  vortex  system  of  a  rather  flatter  overall  app- --ranee . 

The  LEV  code  has  been  applied  to  a  variety  of  other  cases,  including  arrow  wings  (Ref.  128),  cambered 
wings  (Refs  128,  129),  leading-edge  vortex  flaps  (Refs  132,  138,  139)  and  double-delta  vings  (Ref.  11*0). 

In  ttje  latter  case  it  is  assumed  that  the  flow  separates  all  along  the  leading  edge,  but  the  double- 
branched  wing  vortex  (see  Fig.  13)  is  not  modeled  explicitly.  With  the  LEV  code  such  a  two  vortex  system 
can  be  handled,  but  an  ee  ier  attempt  failed  (Ref.  1^1).  Results  for  a  double-delta  wing  of  the  VORSEP 
code  with  its  one-vortex  sys' \v>  capability  are  presented  in  figure  30.  Comparison  of  the  vortex  sheet  shapes 
shown  in  figure  30a  with  the  flow  visualization  results  of  reference  83  ihow  that  the  shape  of  the  sheet  is 
correct,  but  the  second  vortex  is  not  resolved  for  the  rather  coarse  panel  scheme  employed.  Note  the  ten¬ 
dency  of  the  near  wake  to  form  a  double-branched  trailing  vortex.  The  computed  pressure  distribution  on  the 
aft  portion  of  the  wing  is  shown  in  figure  30b.  The  extension  of  the  panel  method  to  configurations  like 
the  double-delta  and  the  strake  wing  with  explicit  modeling  of  the  two- vortex  system  seems  rather  straight¬ 
forward  (Ref.  63).  Application  of  the  LEV  code  to  low-aspect  ratio  rectangular  wings  has  been  reported  in 
reference  131.  Maskew  (Refs  96,  97)  applied  the  time-stepping  two-dimensional  discrete-vortex  method  to  a 
low-aspect  ratio  bent  plate.  In  this  case  a  double-branched  vortex,  formed  at  the  kink,  develops  in  the 
vortex  sheet  attached  to  the  side  edge  quite  realistically.  * 


Methods  for  solving  the  Euler  equations  have  been  discussed  in  section  2.3.2  in  connection  with  wake 
roll-up.  These  methods  apply  equally  well  to  cases  with  extensive  vortex  flow  over  the  wing.  The  main 
advantage  over  the  panel  method  approach  where  the  vortex  sheet*  and  cores  are  "fitted" ,  is  that  no  a 
priori  knowledge  is  required  about  the  topology  of  the  flow  field.  Complex  vortex  flow  structures  will  be 
"captured"  automatically.  One  of  the  first  applications  of  the  Euler  equation  method  to  delta  vings  was 
presented  by  Eriksson  fc  Rissi  (Refs  66,  1U2).  In  figure  31  their  solution  for  the  70  degrees  swept  delta 
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wing  at  15  degrees  incidence  is  shown  for  *  0.7  and  compared  with  experiment  and  the  incompressible 
VORSEP  result.  It  appears  that  the  suction  peak  on  the  upper  surface  is  too  far  outboard  in  both  computed 
results.  In  addition  the  height  of  the  suction  peak  computed  by  the  Euler  method  is  even  lover  than  found 
in  the  experiment,  possibly  indicating  that  in  the  computational  result  the  amount  of  vorticity  contained 
in  the  region  representing  the  rolled-up  vortex  sheet  is  lover  than  in  the  experiment.  This  is  also  sug¬ 
gested  by  a  comparison  with  the  result  of  the  VORSEP  code  for  incompressible  flow.  In  the  comparison  it 
is  assumed  the  influence  of  compressibility  is  small  (e.g.  Luckring  Ref.  132)  and  results  only  in  slightly 
lover  suction  levels  on  the  wing  upper  surface  as  veil  as  a  slight  reduction  in  the  cross-sectional  dimen¬ 
sion,  i.e.  a  flattening  of  the  rotational  region.  A  further  anomaly  is  the  second,  sharp,  suction  peak 
right  at  the  leading  edge.  Such  a  suction  peak  has  not  been  found  in  panel  method  type  of  computations  and 
it  appears  to  be  a  spurious  numerical  effect  possibly  indicating  that  the  Kutta  condition  is  not  yet  fully 
satisfied.  In  the  M  *  0.9  case  presented  in  reference  66  this  effect  even  dominates  the  solution  over  the 
forward  half  of  the  viag. 

The  method  developed  by  Schmidt  (Ref.  65)  and  Hitzel  (Ref.  1 1*3 )  for  solving  the  Euler  equations  has 
been  applied  to  the. case  of  the  arrov-ving-body  combination.  It  is  shown  in  reference  IU3  that  the  com¬ 
puted  pressure  distribution  agrees  excellently  with  the  experimental  data  of  reference  1 UU .  In  Hitzel 's 
results  for  the  sharp  leading  edge  there  is  no  evidence  of  a  sharp  secondary  suction  peak  at  the  leading 
edge.  Ho  direct  comparison  is  made  with  results  of  a  panel  method  code.  An  earlier  application  of  the  LEV 
code  to  the  same  configuration,  in  absence  of  the  body,  has  been  shown  to  yield  a  load  distribution  also 
in  excellent  agreement  with  experimental  data  (Ref.  127).  However,  seen  in  the  light  of  the  LEV  code 
results  for  the  AR  *  1.1*6  delta  wing  this  may  fortuitously  be  attributed  to  a  coarse  panel  scheme  in 
combination  with  a  short  vortex  sheet. 

It  has  been  noted  that  in  the  solution  of  the  Euler  equations  for  the  flow  about  slender  wings  there 
is  some  evidence  that  a  phenomenon  resembling  secondary  separation  (P.efs  66,  142)  and  vortex  breakdown 
occur  (Ref.  1U3) .  Whether  these  are  true  effects  of  the  solution  and  not  spurious  numerical  effects  asso¬ 
ciated  with  the  particular  discretization  used,  will  have  to  be  investigated  by  means  of  computations  on 
finer  meshes. 

Results  of  Rehbach's  incompressible  method  are  presented  in  references  68,  71  and  1U5.  It  concerns 
the  high-angle-of-attack  flow  about  rectangular  wings,  delta  wings,  a  cruciform  wing  and  a  swept  back 
wing.  However,  since  no  pressure  distributions  are  presented  a  thorough  assessment  of  this  method  is  not 
possible  here. 


U.  DISCUSSION 

In  this  chapter  the  development  of  computational  methods  for  vortex  wakes  and  for  configurations 
with  "controlled”  vortex  flow  are  summarized  and  discussed.  Possible  extensions  and  improvements  of  exist¬ 
ing  methods  as  well  as  promising  new  developments  are  indicated. 

Vortex  wake  roll-up  -  2D  time  dependent 

The  most  widely  used  method  for  this  problem  is  the  discrete-vortex  method.  In  spite  of  various 
attempts  to  "regularize"  the  singular  velocity  field  associated  with  a  discrete  vortex  the  method  even¬ 
tually  appears  to  result  in  numerical  problems  as  vortex  sheet  cross-over  and  loss  of  the  identity  of  the 
sheet.  The  latter  also  occurs  in  the  "cloud- in-cell"  method,  where  in  addition  spurious  small-scale  struc¬ 
tures  may  influence  the  evolution  of  the  regular  large-scale  structures.  In  the  panel  method  the  sheet  is 
modeled  more  accurately  and  if  one  accounts  for  the  stretching  of  the  sheet  (redistribution,  adaptive 
panel  scheme)  it  has  been  demonstrated  using  the  V0R2DT  code  that  consistent  results  can  be  obtained.  A 
necessary  prerequisite  to  obtain  results  for  longer  times  is  the  explicit  representation  of  highly  rolled- 
up  regions  by  a  vortex  core  model.  For  relatively  compact  nearly  circular  rolled-up  regions  the  (axi- 
symoetric)  isolated  vortex/feeding  sheet(s)  model  provides  a  sufficiently  accurate  model  for  the  inner 
most  turns.  For  rolled-up  regions  of  larger  cross-sectional  area  a  relatively  large  extent  of  vortex 
sheet  is  required  before  the  isolated  vortex  model  forms  a  valid  approximation  for  the  remaining  inner 
turns.  In  these  cases  a  core  model  consisting  of  a  finite  region  with  continuously  distributed  vorticity 
is  a  more  appropriate  model  of  reality.  The  development  of  methods  for  the  evolution  of  a  wake  consisting 
of  rotational  flow  regions  of  infinitesimal  extent  (sheets)  and  of  finite  extent  (cores)  has  only  just 
started.  It  provides  a  fruitful  area  for  extension  of  the  current  method,  bridging  to  some  extent  the  gap 
between  panel  methods  and  finite-difference  methods  for  the  Euler  equations.  Especially  the  interaction 
between  the  region  of  rotational  flow  with  the  vortex  sheet(s)  and  the  feeding  of  vorticity  into  this 
region  requires  further  investigation.  The  results  of  the  inviscid  roll-up  computation  may  be  regarded  as 
the  appropriate  initial  value  for  a  computational  method  for  the  later  stages  of  the  wake  development 
where  viscous  effects  become  important . 

Vortex  wakes  -  3D 

Unfortunately  the  methods  developed  thusfar  employ  the  vortex-lattice  approach.  Most  of  the  methods 
experience  the  same  kind  of  numerical  problems  as  their  its  two-dimensional  counter  parts.  The  three- 
dimensional  higher-order  panel  method  presently  under  development  at  various  institutes,  provides  a  good 
opportunity  to  develop  a  more  consistent  method  for  the  interaction  of  rolling-up  wakes  with  nearby  com¬ 
ponents  of  the  configuration.  Since  the  problem  is  nonlinear  in  terms  of  the  wake  geometry  it  will  involve 
a  number  of  panel  method  computations  with  the  latest  position  of  the  wake.  This  means  that  the  computa¬ 
tional  cost  will  be  a  multiple  of  the  cost  of  the  conventional  panel  method  computation  with  a  fixed  wake 
geometry  and  might  be  quite  substantial.  In  the  panel  method  approach  the  topology  of  the  wake  has  to  be 
known  a  priori,  i.e.  the  vortex  system  is  fitted  into  the  solution. 

For  a  large  number  of  practical  configurations  the  topology  of  the  wake  is  known  or  may  possibly  be 
derived  from  preliminary  two-dimensional  time-dependent  computations .  In  more  complex  cases  a  vortex  sheet 
"capturing”  method  is  required  to  resolve  the  interaction.  A  further  severe  limitation  of  panel  methods  is 
that  they  are  restricted  to  subcritical  flow,  i.e.  flows  without  shock  waves.  The  current  transonic  poten¬ 
tial  flow  methods  that  account  for  these  effects  aasuae  a  simple  geometry  of  the  wake,  usually  the  wake 
surface  coincides  with  a  plane  of  the  spatial  grid.  Since  in  moat  cases  it  would  be  an  almost  impossible 
task  to  account  for  a  "relaxing"  wake  in  the  grid  generation  process,  the  wake  must  be  left  free  to 
"float"  through  a  fixed  grid.  The  investigation  into  this  partly  Lagrangian  formulation  haa  only  recently 
started.  An  alternative  to  account  for  nonlinear  compressibility  effects,  presently  under  development  at 


NLR,  is  to  employ  a  panel  method  in  which  the  surface  singularity  distribution  is  supplemented  with  a 
spatial  source  distribution  in  those  regions  of  the  3D  space  where  nonlinear  compressibility  effects  are 
of  importance.  In  this  way  the  wake  roll-up  and  interaction  can  be  treated  by  the  panel  method  as  in  the 
case  of  linear  potential  flow  and  in  addition  the  spatial  grid  is  only  required  in  relatively  small  parts 
of  3D  space.  However,  much  effort  is  required  to  reduce  the  prohibitive  N*  dependence  of  the  computational 
cost  of  the  panel  method  approach.  A  further  extension  of  the  method  is  to  add  a  spatial  vorticity  distri- 
butioi  to  model  well -developed  vortex  cores  more  accurately.  Such  an  integral  equation  formulation  (e.g. 
Ref.  146)  would  also  be  required  in  the  case  of  a  close-coupled  canard  where  on  the  wing  there  is  a  strong 
interaction  between  nonlinear  compressibility  effects  and  rotational  effects. 

Computational  methods  for  the  Euler  equations  allow  for  nonlinear  compressible  as  veil  as  for  rota¬ 
tional  flow  without  explicitly  knowing  the  topology  of  these  regions.  Although  it  is  generally  recognized 
that  "capturing'’  vortex  sheets  and  cores  is  more  difficult  than  "capturing”  shock  waves,  these  methods  are 
presently  applied  with  apparent  success  to  cases  with  vortex  flow  as  the  flow  near  wing  tips  and  the  flow 
about  slender  wings.  The  computational  cost  of  these  methods  may  be  quite  acceptable  when  use  is  made  of 
the  vectorial  computing  power  of  current  super  computers. 

Leading-edge  vortex  flow  -  Slender  configurations 

The  conical  flow  methods  like  the  VORCON  panel  method  yield  good  results  for  arbitrary  cross-sections 
with  or  without  thickness  at  low  computational  expense.  The  extension  of  such  methods  to  nonconical 
slender  configurations  auch  as  for  instance  arbitrarily  shaped  strakes  appears  to  be  straightforward.  In 
addition  to  providing  a  relatively  inexpensive  tool  for  preliminary  investigations  it  results  also  in  a 
better  initial  guess  for  the  solution  of  the  fully  three-dimensional  flow  about  nonconical  geometries. 

The  improvement  of  for  instance  the  vortex  core  model  from  the  isolated  vortex/feeding  sheet  combina¬ 
tion  to  a  core  with  distributed  vorticity  might  perhaps  conveniently  first  be  studied  for  the  case  of 
quasi-3D  flow,  where  computer  resources  requirements  are  modest. 

Leading-edge  vortex  flow  -  3D  configurations 

Methods  based  on  Polhamus1  suction  analogy  are  widely  used,  because  an  excellent  correlation  of  pre¬ 
dicted  and  measured  forces  and  moments  is  obtained  and  quite  importantly  also  because  it  only  requires  an 
update  of  the  conventional  well-established  attached  flow  lifting  surface  methods.  Unfortunately  the 
Polhamus  suction  analogy  does  not  supply  the  detailed  pressure  distribution  on  the  configuration  and  the 
extension  to  for  instance  strake-ving  and  canard-wing  configurations  requires  the  development  of  additional 
(empirical)  concepts.  Panel  methods  developed  for  the  flow  about  wings  with  leading-edge  vortex  flow  have 
proven  to  be  capable  of  computing  the  detailed  pressure  distribution.  The  major  problem  in  applying  the 
free-vort ex- sheet  panel  method  is  to  specify  such  an  initial  guess  that  convergence  of  the  iterative  pro¬ 
cedure  for  solving  the  geometry  of  the  vortex  sheet  and  the  doublet  distribution  is  warranted.  Also  the 
computer  resources  requirements  for  the  method  are  of  the  order  of  a  multiple  of  the  conventional  panel 
method  with  a  fixed  wake.  In  this  respect  it  is  interesting  to  note  that  a  recent  preliminary  study  with  a 
"vectorized"  version  of  the  V0R2DT  panel  code  on  the  CRAY- IS  computer  indicates  that  a  substantial  reduc¬ 
tion  in  computing  time  can  be  realized  by  vectorization  of  the  computation  of  the  influence  integrals. 
Thusfar  the  method  has  been  applied  to  wings  with  a  single  vortex  system  only,  but  extension  to  (strake- 
ving)  configurations  with  a  two-vortex  system  is  straightforward.  In  the  current  methods  the  model  of  the 
vortex  core  is  still  the  simple  isolated  vortex/ feeding  sheet  model.  Improvement  of  this  model  to  a  distri¬ 
buted  vorticity  model  is  required  to  account  adequately  for  the  flow  at  high  angles  of  attack,  for  the 
flow  about  not  so  slender  wings  and  for  the  flow  about  strake-ving  configurations.  In  addition  the  modeling 
of  the  onset  of  vortex  breakdown  (e.g.  Wilson,  Ref.  1*»7  for  an  earlier  attempt),  especially  important  for 
strake-ving  design,  should  be  investigated  further. 

Prom  the  comparison  of  computed  results  with  experimental  data  it  is  clear  that  secondary  separation 
effects  are  often  quite  important.  Modeling  of  secondary  separation  on  a  delta  wing  by  a  vortex  sheet  has 
been  reported  earlier  (see  Smith,  Ref.  15).  The  location  of  the  separation  line  will  have  to  be  specified, 
or  ideally  have  to  be  found  as  part  of  the  solution.  The  latter  undoubtedly  will  involve  a  strongly  coupled 
viscous-inviscid  interaction  of  the  external  flow  with  the  boundary  layer  on  the  wing  upper  surface.  This 
problem  is  closely  related  to  the  problem  of  vortex  flow  separation  from  the  smooth  surface  of  slender 
bodies  (e.g.  Fiddes,  Ref.  1 Ufl )  and  has  not  yet  been  considered  extensively  for  wings  or  other  three- 
dimensional  configurations. 

In  panel  methods  linear  compressibility  effects  can  be  accounted  for  by  applying  the  G6tbert  trans¬ 
formation,  i.e.  solving  the  Praodtl-Glauert  equation.  This  equation  is  valid  for  small  perturbations  to  the 
main  free  stream,  but  certainly  this  assumption  will  be  violated  inside  the  vortex  cores  where  both  axial 
and  circumferential  velocities  become  large.  If  the  normal  velocity  condition  is  applied  the  vortex  sheet 
in  addition  to  the  doublet  distribution  nist  also  carry  a  source  distribution  of  strength  related  to  the 
doublet  distribution  (section  2.3).  This  may  seem  a  severe  complication.  However,  employing  the  close  cor¬ 
respondence  between  tha  velocity  induced  by  a  source  distribution  and  the  velocity  induced  by  a  doublet 
distribution  (Ref.  1  i»9 )  results  in  little  additional  computational  effort.  In  the  mass-flux  formulation 
the  source  distribution  is  not  required,  but  for  large  perturbations  the  mas a- flux  boundary  condition  tends 
more  rapidly  to  irrealistic  results  than  the  conventional  velocity  boundary  condition. 

nonlinear  compressibility  effects  as  well  as  the  ability  to  capture  vortex  sheets  and  rotational 
regions  are  included  in  the  methods  that  solve  the  Euler  equations.  The  latter  implies  that  no  a  priori 
knowledge  is  required  about  the  often  complex  topology  of  the  vortical  flow.  It  has  been  claimed  that 
these  methods  also  model  secondary  vortex  separation  and  vortex  breakdown.  In  the  real  flow  secondary  vor¬ 
tex  separation  depends  on  the  Reynolds  number ,  vortex  breakdown  has  been  reported  to  depend  only  weakly  on 
Reynolds  number.  Whether  the  Euler  equations  can  truly  simulate  these  effects  will  require  further  investi¬ 
gation.  If  the  vorticity  production  in  the  Euler  methods  is  governed  by  "artificial"  viscosity,  it  may  be 
speculated  that  underneath  the  primary  vortex,  where  gradients  are  large,  "secondary  separation"  type  of 
effects  may  occur  in  the  fora  of  the  generation  of  vorticity  of  sense  opposite  to  that  of  the  primary 
vortex.  However,  comparing  figures  27c  and  31  and  also  considering  Hitsel's  (Ref.  1fc3)  results  does  not 
support  this  conjecture. 

In  the  panel  method  and  also  in  Rehbacfc's  incompressible  Euler  method  (Refs  69-71),  bot  not  requiring 
a  spatial  grid,  vorticity  is  produced  only  at  predetermined  locations.  In  this  respect  it  would  be  very 
interesting  and  instructive  to  compare  detailed  results  of  Euler  equation  method  and  panel  method  computa¬ 
tions  for,  say,  a  uait-aspect-ratio  wing  at  20  degrees  incidence.  In  order  to  validate  the  computational 
methods  described  detailed  experimental  data  from  flow  field  surveys  would  be  very  valuable.  Also  explora¬ 
tory  flow  field  investigations  (e.g.  (Ref.  83)  that  reveal  the  structure  of  the  vortical  flow  field  are 
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indispensable  especially  for  methods  that  "fit"  the  vortical  regions. 

The  reported  computational  cost  or  computing  times  involved  in  running  a  Euler  code  are  either  modest 
(on  a  vector  computer)  or  rather  extreme,  but  undoubtedly  further  improvements  are  possible.  It  must  be 
concluded  that  the  Euler  method  is  very  attractive  for  cases  with  a  complex  vortex  flow  topology,  but  it 
remains  to  be  seen  whether  for  subsonic  flow  it  will  be  more  efficient  than  the  (future)  panel  method  in 
cases  for  which  the  topology  of  the  vortex  flow  is  known. 


5 .  CONCLUSIONS 

In  the  last  few  years  considerable  progress  has  been  made  in  the  development  of  computational  methods 
for  the  prediction  of  the  detailed  aerodynamic  characteristics  of  configurations  with  vortex  flow.  It  has 
been  demonstrated  that  for  slender  wings  with  a  simple  one-vortex  system  satisfactory  results  can  be 
obtained  employing  panel  methods.  The  extension  to  configurations  with  a  more  complex  but  a  priori  known 
well-defined  vortex  system  appears  to  be  relatively  straightforward.  A  more  accurate  modeling  of  vortex 
cores  will  lead  to  a  further  enhancement  of  the  usefulness  of  the  panel  method  approach.  The  main  limita¬ 
tion  of  the  panel  method  approach  is  that  the  topology  of  the  vortex  flow  must  be  known  in  advance. 

It  is  not  widely  recognized  that  properties  familiar  in  the  context  of  finite-difference  and  finite- 
volume  methods  like  stability,  smoothing,  dissipation,  dispersion,  etc.  apply  equally  well  to  panel  methods. 
The  effects  of  these  properties  on  the  solution  are  not  well  understood. 

Computing  the  flow  about  configurations  with  extensive  vortex  flow  employing  methods  for  solving 
Euler' 8  equations  with  vortex  sheet  capturing  capability  appears  very  promising.  It  appears  that  also  in 
the  case  of  Euler  methods  the  topology  of  the  vortex  flow  structure  must  be  known  in  advance  if  a  grid  is 
to  be  constructed  with  sufficient  resolution  at  the  right  locations.  Some  of  the  questions  raised  with 
respect  to  the  use  of  the  Euler  equations  for  vortex  flow  may  be  answered  by  an  in  depth  comparison  of 
computational  results  of  panel  method  and  Euler  method. 

There  are  good  prospects  for  a  substantial  reduction  in  the  computational  resources  requirements  for 
both  panel  methods  and  Euler  methods  when  employing  the  vectorial  computing  power  of  current  super  com¬ 
puters  . 

The  development  of  computational  methods  for  configurations  with  vortex  flow  is  approaching  a  level 
that  is  useful  for  design  purposes. 


ACKNOWLEDGEMENTS 

The  NLP  methods  described  in  this  paper  have  been  developed  partly  under  contract  for  the  Scientific 
Research  Division  of  the  Directorate  of  Materiel  Royal  Netherlands  Air  Force,  RNLAF.  The  author  gratefully 
acknowledges  the  collegial  collaboration  with  Mr.  W.  Vaatstra  and  the  fruitful  cooperation  in  vortex  flow 
investigation  with  Mr.  N.G.  Verhaagen  of  the  Delft  University  of  Technology. 


REFERENCES 

1.  Kuchemann,  D.t  The  Aerodynamic  Design  of  Aircraft.  Pergamon  Press  (1976). 

2.  Peake,  D.J.  and  Tobak,  M.:  Three-dimensional  Interactions  and  Vortical  Flows  with  frph&sis  on  High 
Speeds.  NASA  TH  81169  (i960),  also  AGARDograph  252  (I960). 

3.  Ashley,  H.  and  Landahl,  M.T. :  Aerodynamics  of  Wings  and  Bodies.  Adiaon-Wesley  Publ.  Co.  Inc.  (1965). 

4.  Sytsma,  H.A.,  Hewitt,  B.L.  and  Rubbert,  P.E.:  A  Comparison  of  Panel  Methods  for  Subsonic  Flow  compu¬ 
tation.  AGARD-AG-2U1  (1979). 

5.  Holst,  T.L.,  Slooff,  J.W.,  Yoshihara,  H.  and  Ballhaus  Jr.,  W.F.:  Applied  Computational  Transonic 
Aerodynamics.  AGARDograph  266  (1962). 

6.  Skow,  A.M.  and  Erickson,  G.E.:  Modern  Fighter  Aircraft  Design  for  High-Angle-of-Attack  Maneuvering. 
AGARD-LSP-121  (1982). 

7.  Ballhaus  Jr.,  V.F.:  Computational  Aerodynamics  and  Design.  Proc.  of  8th  lot.  Conf.  on  Rum.  Meth.  in 
Fluid  Dynamics,  Aachen,  Lecture  Notes  in  Physics  No.  170,  Springer  Verlag  (1982). 

8.  Hunt,  B.:  The  Role  of  Computational  Fluid  Dynamics  in  High-Angle-of-Attack  Aerodynamics. 
AGARD-LSP-121  (1982). 

9.  Ericsson,  L.E.  and  Redihg,  J.P.:  Steady  and  Unsteady  Vortex-Induced  Asysetric  Loads  on  Slender 
Vehicles.  J.  of  Spacecraft,  .18  pp.  97-109  (1981). 

10.  Pouradier,  J.M.  and  Horowitz,  E.:  Aerodynamic  Study  of  a  Hovering  Rotor.  Vertica  £  (1981) 
pp.  301-315. 

11.  Miller,  R.H.:  A  Simplified  Approach  to  the  Free  Wake  Analysis  of  a  Hovering  Rotor.  Vertica  6  (1982) 
PP.  89-95. 

12.  SuBBoa,  J.M.  and  Maakew,  B.:  New  Methods  for  the  Calculation  of  Hover  Airloads.  Presented  at  5th 
European  Rotorcraft  and  Powered  Lift  Aircraft  Forum,  Amsterdam,  The  Netherlands ,  Sept.  4-7  1979. 

13.  Szodruch,  J.  and  Ganser,  U. :  On  the  Lee-Side  Flow  for  Slender  Delta  Wings  at  High  Angle  of  Attack. 
AGAHD-CP-247  (1979). 

14.  Smith,  J.H.B.:  Inviscid  Fluid  Models,  Based  on  Rolled-Up  Vortex  Sheets,  for  Three-Dimensional 
Separation  at  High  Reynolds  Number.  AGARD  VKI  Lecture  Series  94  (1976). 

15.  Smith,  J.H.B.:  Vortical  Flows  and  Their  Computation.  VKI  Lecture  Series  LS-1980-5  (I960).  Also 
RAE  TM  Aero  1866. 

16.  Saffhan,  P.G.  and  Baker,  G.R.:  Vortex  Interactions.  Ann.  Rev.  Fluid  Mech.  No. 11  (1979)*  pp.  95-122. 

17.  Leonard,  A.:  Vortex  Methods  for  Flow  Simulation.  Review  article  J.  of  Comp.  Physics,  (I960), 
pp.  289-335. 

18.  Steger,  J.L.  and  Kutler,  P. :  Implicit  Finite-Difference  Procedures  for  the  Computation  of  Vortex 
Wakes.  AIAA  Journal  No. 4  (1977),  PP-  581-590. 

19.  Bilanin,  A.J.,  Teske,  N.K.,  Donaldson,  C.  duP.  and  Williamson,  G.G.:  Vortex  Interactions  and  Decay 
in  Aircraft  Wakes.  NASA  CR-2870  (1977). 

20.  Maskell,  S.C.s  80ms  Recent  Developments  in  tbs  Study  of  Edge  Vortices.  Proc.  3rd  I  CAS  Coagr. 
Stockholm  (1962). 


18-19 


21.  Guiraud,  J.P.  tod  Zeytounian,  R.Kh. :  A  Double-Scale  Investigation  of  the  Aay^jtotic  Structure  of 
Rolled-Up  Vortex  Sheets.  JFM,  J2  (1977)  pp.  93-112. 

22.  Guiraud,  J.P.  and  Zeytouaian,  R.Kh. :  A  Bote  on  the  Viscous  Diffusion  of  Rolled  Vortex  Sheets. 

JW,  22  (1979)  PP-  197-201. 

23.  Rosenhead,  L.:  The  Formation  of  Vortices  from  a  Surface  of  Discontinuity.  Proc.  Roy.  Soc.  Load., 

A  IQ  (1931),  pp.  170-192. 

24.  Westvater,  F.L.:  Rolling-Up  of  the  Surface  of  Discontinuity  behind  an  Aerofoil  of  Finite  Span. 

ABC,  RAM  Bo. 1962  (1935). 

2 5*  Cborin,  A.J.  and  Bernard,  P.S.:  Discretisation  of  a  Vortex  Sheet,  With  an  Example  of  Roll-Up. 

J.  of  Comp.  Physics,  (1973).  pp.  423-429. 

26.  Kuvahara,  K.  and  Takami,  H.:  numerical  Studies  of  Two-Dimensional  Vortex  Motion  by  a  Systas  of 
Vortices.  J.  of  Phys.  Soc.  of  Japan,  (1973)*  pp.  21*7-253. 

27.  Moore,  D.W. :  A  numerical  Study  of  the  Roll-Up  of  a  Finite  Vortex  Sheet.  JFM,  6£  (1971*)*  pp.  225-235. 

28.  Maskew,  B. :  Subvortex  Technique  for  the  Close  Approach  to  a  Discretized  Vortex  Sheet.  J.  Aircraft, 
I]*,  2  (1977),  PP-  188-193. 

29.  Fink,  P.T.  and  Soh,  W.K.:  A  Hev  Approach  to  Roll-Up  Calculations  of  Vortex  Sheets.  Proc.  Roy.  Soc. 
bond.  A  362  (1978),  pp.  195-209. 

30.  Baker,  G.R.:  A  Test  of  the  Method  of  Fink  4  Soh  for  Following  Vortex-Sheet  Motion.  JFM,  100  (1980), 

pp.  209-220. 

31.  Broailov,  I.G.  and  Clements,  R.R.:  Some  Techniques  for  Extending  the  Application  of  the  Discrete 
Vortex  Method  of  Flow  Simulation.  Aeron.  Quarterly,  ^  {1982),  pp.  73-89. 

32.  Moore,  D.W. :  The  Spontaneous  Appearance  of  a  Singularity  in  the  Shape  of  an  Evolving  Vortex  Sheet. 
Proc.  Roy.  Soc.  Loud.,  A  ^6£  (1979)*  PP-  105-1 19. 

33-  Moore,  D.W. :  On  the  Point  Vortex  Method.  SIAM  J.  Sci.  Stat.  Cosput.,  2,  lo.l  (1981).  PP*  45-8**. 

34.  Christiansen,  J.P. :  llusmrical  Simulation  of  Hydrodynamics  by  the  Method  of  Point  Vortices.  J.  Comp. 
Physics,  (1973),  pp.  363-379. 

35*  Baker,  G.R.:  Studies  in  Vortex  Motion.  PhD.  thesis  California  Institute  of  Technology  (1977)* 

3 6.  Baker,  G.R.:  The  "Cloud  in  Cell"  Technique  Applied  to  the  Roll  Up  of  Vortex  Sheets.  J.  of  Cong). 
Physics,  21  (1979),  pp.  76-95. 

37.  Human,  E.M.  and  Stremel*  P.M.:  A  Vortex  Wake  Capturing  Method  for  Potential  Flow  Calculations . 

AIAA  Paper  82-0947  (1982). 

38.  Mokry,  M.  and  Rainbird,  W.J.:  Calculation  of  Vortex  Sheet  Roll-Up  in  a  Rectangular  Wind  Tunnel. 

J.  of  Aircraft,  J2,  9  ( 1975).  pp.  75Q-752. 

39*  Hoei jmakers ,  H.W.M.  and  Vaatstra,  W. :  A  Higher-Order  Panel  Method  \pplied  to  Vortex  Sheet  Roll-Up. 

AIAA  Paper  82-0096  (1982).  Also  AIAA  Journal  2£,  lo.l*  (1983),  pp.  516-523* 

1*0.  Smith,  J.H.B.:  Improved  Calculations  of  Leading-Edge  Separation  from  Slender,  Thin,  Delta  Wings. 

Proc.  Roy.  Soc.  Lond. ,  A  206  (1968),  pp.  67-90.  Also  RAE  TR  66070  (1966). 

1*1.  Pullin,  D.I. :  The  Large-Scale  Structure  of  Unsteady  Self-Similar  Rolled-Up  Vortex  Sheets. 

JFM,  88  (1978),  pp.  1*01-1*30. 

1*2.  Pullin,  D.I.  and  Phillips,  W.fl.C. :  On  a  Generalization  of  Kaden’s  Problem.  JFM,  J04  (1981), 
pp.  1*5-53. 

1*3*  Huberson,  S.:  Humeri  cal  Computation  of  Flows  with  Rolled-Up  Vortex  Sheets.  Rech.  A$rosp.  Bo.  1900-3, 
Engl.  ed.  (I960),  pp.  57-63. 

1*1*.  Portnoy,  H. :  The  Initial  Roll-Up  of  a  Thick,  Two-Dimensional  Wake  Behind  a  Wing  of  Finite  Span. 

Aeron.  J.,  Oct.  1976,  (1976),  pp.  1*1*2-1*1*7. 

1*5.  Portnoy,  H. :  Thick,  Two-Dimensional  Wake  Roll-Up  Behind  a  Wing  of  Finite  Span-Extended  Calculations. 
Aeron.  J.  Oct.  1977.  (1977),  pp.  1*60-1*63. 

1*6.  Moore,  D.W. :  The  Equation  of  Motion  of  a  Vortex  Layer  of  Small  Thickness.  Studies  in  Appl.  Math., 
(1978),  pp.  119-11*0. 

1*7.  Zebus ky,  H.J.,  Hughes,  M.H.  and  Roberts,  K.V.:  Contour  Dynamics  for  the  Euler  Equations  in  Two 
Dimensions.  J.  of  Comp.  Physics  .22,  (1979),  pp.  96-106. 

1*8.  Weston,  R.P.  and  Liu,  C.H. :  Approximate  Boundary  Condition  Procedure  for  the  Two-Dimensional 
Humeri cal  Solution  of  Vortex  Wakes.  AIAA  Paper  82-0951  (1982). 

1*9.  Butter,  D.J.  and  Hancock,  G.J.:  A  Hwerical  Method  for  Calculating  the  Trailing  Vortex  System 

behind  a  Swept  Wing  at  Low  Speed.  The  Aeron.  J.  of  the  Roy.  Aeron.  Soc.,  Vol.  75  (1971),  pp.  564-568. 
50.  Hedman,  S.G.:  Computation  of  Vortex  Models  for  Wings  at  High  Angle  of  Atteck  in  Incompressible  Flow. 
FFA  Technical  Bote  AU-653  (1973). 

51*  Rom,  J.  and  Zorea,  C. :  The  Calculation  of  the  Lift  Distribution  on  the  Bear  Vortex  Wake  Behind  Low 
Aspect  Ratio  Wings  in  Subsonic  Flow.  TAE  Rep.  B0.168  (1973)*  (8ee  also  TAE  Rep.  Bo.199  0974).) 

52,  Mattei,  A.  sad  Santoro,  E. :  Htaerical  Computations  of  Wake  Vortices  behind  Lifting  Surfaces. 

ICAS  Paper  74-28  (197**). 

53.  Rehbacb,  C. :  Etude  Humtrique  de  L' influence  de  la  Forme  de  L'extrdmitl  d'une  Aile  sur  L'enroulement 
de  la  Bappe  TourbiUonaire.  La  Rech.  Aerosp.  Bo.  1971-6,  pp.  367-368. 

5l*.  Rehbach,  C. :  Calcul  D' Seoul ement*  autour  D'ailes  sans  Epaisseur  avec  Bappes  Tourbiilonnaires 
Evolutives.  La  Rech.  Aerosp.  Bo. 1973-2  pp.  53-61. 

55.  Maskew,  B.:  The  Calculation  of  Potential  Flow  Aerodynamic  Characteristics  of  Combined  Lifting 
Surfaces  with  Relaxed  Wakes.  Hawker  8ideley  Aviation  Limited,  Bote  Bo.  TAD  3192  (1973). 

56.  Maakew,  B.:  A  Quadrilateral  Vortex  Method  Applied  to  Configurations  with  High  Circulation. 
HASA-8P-U05  (1976),  pp.  163-106. 

57.  Suciu,  E.0.  and  Moriao,  L*:  Bonlinear  Steady  Incompressible  Lifting-Surface  Analysis  with  Wake 
Roll-Up.  AIAA  Journal  Vol.  15,  Msy  1977,  pp.  54-58. 

58.  Mangier,  K.W.  and  Smith,  J.H.B. :  Behavior  of  the  Vortex  Sheet  at  the  Trailing  edge  of  a  Lifting 
Wing.  RAE  TR  69049  ( 1 969 ) * 

59.  Labrujdre,  Th.E.  and  de  Vries,  0.:  The  Deformation  of  a  Vortex  Sheet  behind  a  Swept  Back  Wing, 
Comparison  of  Measurements  and  Calculations.  ILF  NP  74014  U  (1974). 

60.  Labrujlre,  Th.E.  and  de  Vries,  0.:  Evaluation  of  a  Potential  Theoretical  Model  of  the  Wake  behind  a 
Wing  via  Comparison  of  Measurements  and  Calculations.  BLR  TR  74063  U  (1974). 

61.  Jeppe,  8. A.:  The  Computation  of  Vortex  Flows  by  Panel  Methods.  VKI  Lecture  8eries  1978-4  (1978). 

62.  Klopfer,  0.1.  and  Bielsen ,  J.I.:  Computational  Fluid  Dynamic  Applications  to  Missile  Aerodynamics. 
AOARD-CP-336  (1982). 

63.  Bielsen,  J.B.:  Bonlinear  Flow  Phenomena  at  High  Angles  of  Attack  and  Recent  Advances  in  their 
Prediction.  AOARD-CP-336  (1982). 


ir 


6k.  Rizzi,  A.  and  Eriksson,  L.E.:  Transfinite  Mesh  Generation  and  Dampled  Euler  Equation  Algorithm  for 
Transonic  Flow  about  Wing-Body  Configurations .  A1AA  Paper  81-0999  (1981). 

63.  Schmidt,  V.,  Jameson,  A.  and  Whitfield,  D. :  Finite  Volume  Solution  for  the  Euler  Equation  for 
Transonic  Flow  over  Airfoils  and  Wings  Including  Viscous  Effects.  AIAA  Paper  81-1265  (1981). 

66.  Eriksson,  L.E.  and  Rizzi,  A.:  Computation  of  Vortex  Flow  Around  Wings  Using  the  Euler  Equations. 

Proc.  kth  GAMM  Conf.  on  Hum.  Meth.  in  FI.  Mech.,  ed.  H.  Viviand,  Vieveg  Verlag,  Paris  (1981) 
pp.  87-105. 

67.  Rizzi,  A.:  Daapled  Euler-Equation  Method  to  Compute  Transonic  Flow  Around  Wing-Body  Combinations. 

AIAA  Journal,  Vol.  20,  No. 10,  Oct.  1982,  pp.  1321-1328. 

68.  Chattot,  J.J.,  Boschiero,  M.  and  Koeck,  C.:  Methodes  Numeriques  de  Prediction  de  L’Aerodynamique 
des  Missiles.  AGARD-CP-336  (1982). 

69.  Rehbach,  C.:  Calcul  Nunrfrique  D'ecoulements  Tridimensionnels  Instationnaires  avec  Nappes 
Tourbillonnaires .  La  Rech.  A6rosp.  No. 1977-5  (1977),  pp.  289-298. 

70.  Rehbach,  C. :  Numerical  Calculation  of  Three-Dimensional  Unsteady  Flows  with  Vortex  Sheets.  AIAA 
Paper  78-111  (1978). 

71.  Rehbach,  C.:  Calcul  Instationnaire  de  Nappes  Tourbillonnaires  Quises  par  des  Surfaces  Portantes 
Fortement  Inclines.  AGARD  Cp-2k7  ( 1 979 ) - 

72.  Legendre,  R.:  Ecoulement  au  Voisinage  de  la  Pointe  Avant  d'une  Aile  &  Forte  Fl£che  aux  Incidences 
Moyermes.  La  Rech.  Alro.  Vol. 30  (1952),  pp.  3-8;  Vol. 31  (1952),  pp.  3-6  and  Vol. 35  (1952),  pp.  7-8. 

73.  Earn a haw,  P.B.:  An  Experimental  Investigation  of  the  Structure  of  a  Leading-Edge  Vortex.  RAM  No.328l 
(1962). 

7k.  Wentz,  W.H.  and  McMahon,  M.C.:  An  Experimental  Investigation  of  the  Flow  Fields  about  Delta  and 
Double-Delta  Wings  at  Low  Speeds.  NASA  CR  521  (1966). 

75.  Fink,  P.T.  and  Taylor,  J.:  Some  Early  Experiments  on  Vortex  Separation.  RAM  No.3k89  (1967)* 

76.  Humnel,  D.:  On  the  Vortex  Formation  over  a  Slender  Wing  at  Large  Incidence.  AGARD-CP-2k7  (1979). 

77.  Maltby,  R.L;:  Flow  Visualization  in  Wind  Tunnels  Using  Indicators.  AGARDograph  No. 70  (1962). 

78.  Lamar,  J.E.  and  Luckring,  J.M.:  Recent  Theoretical  Developments  and  Experimental  Studies  Pertinent 
to  Vortex-Flow  Aerodynamics.  With  a  View  towards  Design.  AGARD-CP-2k7  (1979)* 

79*  Luckring,  J.M.:  Aerodynamics  of  Strake-Wing  Interactions.  J.  Aircraft,  Vol.  16,  No. 11  (1979) 
pp.  756-762. 

80.  Luckring,  J.M.:  Flow  Visualization  Studies  of  a  General  Research  Fighter  Model  Boploying  a  Strake- 
Wing  Concept  at  Subsonic  Speed.  NASA  T»1  80057  (1979). 

81.  Brennenstuhl ,  U.  and  Hummel,  D.:  Untersuchungen  uber  die  Wirbelbildung  an  Flugeln  mit  geknickten 
Vorderkanten.  ZFW,  Vol. 5  ( 19&1 )  PP-  375-381  (see  also  ZFW,  Vol. 6  (1982),  pp.  239-2k7). 

82.  Brennenstuhl,  U.  and  Humel,  D.:  Vortex  Formulation  over  Double-Delta  Wings.  ICAS  Paper  82-6.6.3 
(1982). 

83.  Hoeijmakers,  H.W.M.,  Vaatstra,  W  and  Verhaagen,  N.G. :  On  the  Vortex  Flow  over  Delta  and  Double- 
Delta  Wings.  AIAA  Paper  82-09k9  (1982). 

8k.  Hall,  M.G. :  Vortex  Breakdown.  Annual  Review  of  Fluid  Mechanics,  Vol.k  (1972),  pp.  195-218. 

85.  Erickson,  G.E.:  Water  Tunnel-Studies  of  Leading-Edge  Vortices.  J.  Aircraft,  Vol. 19,  No. 6  (1982), 
pp.  kk2-kk8.  (See  also  AIAA  Paper  0O-1k23  (i960).) 

86.  Klopfer,  G.H.  and  Nielsen,  J.N.i  Euler  Solutions  for  Wing  and  Wing-Body  Combination  at  Supersonic 
Speeds  with  Leading-Edge  Separation.  AIAA  Paper  80-0126  (1980). 

87.  Brown,  C.E.  and  Michael,  W.H.:  Effect  of  Leading-Edge  Separation  on  the  Lift  of  a  Delta  Wing. 

J.  of  Aeron.  Sciences,  Vol. 21  (195k),  pp.  690-69k. 

88.  Smith,  :  Calculations  of  the  Flow  over  Thick,  Conical  Slender  Wings  with  Leading-Edge 

Separation.  RAE  TR  71057  (197D* 

89.  Barsby,  J.E.:  Flow  Past  Conically-Cambered  Slender  Delta  Wings  with  Leading-Edge  Separation. 

RAE  TR  72179  (1972). 

90.  Barsby,  J.E.:  Separated  Flow  Past  a  Slender  Delta  Wing  at  Incidence.  Aeron.  Quarterly,  May  1973, 

pp.  120-128. 

91.  Hoeijmakers,  H.W.M.  and  Vaatstra,  W. :  A  Higher-Order  Panel  Method  for  the  Computation  of  the  Flov 
about  Slender  Delta  Wings  with  Leading-Edge  Vortex  Separation.  Proc.  kth  GAIM  Conf.  on  Vum.  Meth. 
in  FI.  Mech.,  ed.  H.  Viviand,  Vieweg  Verlag,  Paris  (1981),  pp.  137-1k9.  Also  HLR  MP  81053  U. 

92.  Jones,  I.P. :  Flow  Separation  from  Yawed  Delta  Wings.  Computer  &  Fluids,  Vol.  3  (1975),  pp.  155-177, 

93.  Smith,  J.H.B.:  A  Theory  of  the  Separated  Flow  from  the  Curved  Leading  Edge  of  a  Slender  Wing. 

ARC  R  4  M  No. 31 16  ( 1959). 

9k.  Sacks,  A.H.,  Lundberg,  R.E.  and  Hanson,  Ch.W.:  a  Theoretical  Investigation  of  the  Aerodynamics  of 
Slender  Wing-Body  Combinations  Exhibiting  Leading-Edge  Separation.  NASA  CR-719  (1967). 

95.  Fink,  P.T.  and  Soh,  W.K.:  Calculation  of  Vortex  Sheets  in  Unsteady  Flow  and  Applications  in  Ship 
Hydrodynamics.  Proc.  10th  Symposium  on  Naval  Hydrodynamics,  Cambridge,  Mass.  (197k),  pp.  k63-k91* 

96.  Rao,  B.M.  and  Maakew,  B. :  Flows  with  Leading-Edge  Vortex  Separation.  NASA  CR  165858  (1982). 

97.  Maakew,  B.  and  Rao,  B.M.:  Calculation  of  Vortex  Flows  on  Complex  Configurations.  ICAS  Paper 
82-6.2.3  0982). 

98.  Jones,  I.P.:  Leading-Edge  Separation  from  Non-Conical  Slender  Wings  at  Incidence.  Proc.  kth  Int. 

Conf.  on  Vum.  Meth.  in  FI.  Dyn.»  Lecture  Notes  in  Physics,  Vol. 35  (197k). 

99.  Clark,  R.W. :  Non-Conical  Flow  past  Slender  Wings  with  Leading-Edge  Vortex  Sheets.  RAE  TR  76037 
(1976). 

100.  Jepps,  S.A.:  Theoretical  Calculations  of  the  Weke  behind  s  Delta  Wing  with  Leading-Edge  Separation. 
BAC.  Rep.  Ae/A/583  (1978). 

101.  Kandil,  O.A.:  Numerical  Prediction  of  Vortex  Coree  from  the  Leading  and  Trailing  Edges  of  Delta 
Wings.  ICAS  Paper  Ik. 2  (i960). 

102.  Polhamus,  E.C.:  A  Concept  of  the  Vortex  Lift  of  Sharp-Edge  Delta  Wings  Based  on  a  Leading— Edge  Suction 
Analogy.  NASA  TV  D-3767  (1966). 

103.  Lamar,  J.E.  and  Gloss,  B.B. :  Subsonic  Aerodynamic  Characteristics  of  Interacting  Lifting  Surfaces 
With  Separated  Flow  Around  Sharp  Edges  Predicted  by  a  Vortex-Lattice  Method.  NASA  TV  D-T921  (1975). 

10k.  Lamar,  J.E.:  Subsonic  Vortex-Flow  Design  Study  for  Slender  Wings.  J.  Aircraft,  Vol.  15,  *0.9  (1978), 
pp.  611-617* 

105.  Lamar,  J.Z.,  Scbemensky,  R.T.  and  Reddy,  C.S.:  Development  of  a  Vortex-Lift  Design  Procedure  and 
Application  to  a  81ender  Maneuver-Wing  Configuration.  J.  Aircraft,  Vol.  18,  No.k  (1981), 

pp.  259-266. 

106.  Lamar,  J.E.:  The  Uee  of  Linear! sed-Aerodynamic a  and  Vortex-Flow  Methods  in  Aircraft  Design.  AIAA 
Paper  82- 138k  (1982). 


1*2 * 


107.  Purvis,  J.W.:  Analytical  Prediction  of  Vortex  Lift.  J.  Aircraft  Vol.lB,  Bo. 4  (1981),  pp.  225-230. 

108.  Larson,  E.S.:  Incompressible  Sy»etric  Plow  Charact eristics  of  Sharp- Edged  Rectangular  Wings. 

J.  Aircraft,  Vol.19,  Ho. 6  (1982),  pp.  508-510. 

109.  Lamar,  J.E. :  Analysis  and  Design  of  Strske-Wing  Conf igurations .  J.  Aircraft,  Vol.17,  Bo.1  (1980), 

Pp.  20-27. 

110.  Prink,  *.T.  and  Lamar,  J.E.:  Analysis  of  Strake  Vortex  Breakdown  Characteristics  in  Relation  to 
Design  Features.  J.  Aircraft,  Vol.  18,  Ho. 4  ( 1 98 1 ) ,  pp.  252-258. 

111.  Lamar,  J.E.  and  Prink,  I.T.:  Aerodynamic  Features  of  Designed  Strake-Wing  Configurations, 

J.  Aircraft,  Vol.19*  Bo. 8  (1982),  pp.  639-61*6. 

112.  Kulfan,  R.M.:  Wing  Airfoil  Shape  Effects  on  the  Development  of  Leading-Edge  Vortices.  A2AA  Paper 
79-1675. 

113.  Gerstcn,  K. :  Hichlineare  TragflAchentheorie  insbesondere  fQr  Tragflugel  ait  kleinea  Seitenverh&ltnis . 
Ing.  Arch.  Vol. 30  (1961),  pp.  431-452.  Also  AGARD  Bept.  3l»2  (1961). 

114.  Belotserkovskii ,  S.M.:  Calculation  of  the  Flow  about  Wings  of  Arbitrary  Planform  at  a  Wide  Range  of 
Angles  of  Attack.  RAE  Lib.  Transl.  IU33  (1968). 

115.  Aparinov,  V.A.,  Belotserkovskii,  S.M.,  Bisht,  M.I.  and  Sokolova,  O.H.:  Mathematical  Modeling  of  the 
Detached  Flow  around  a  Wing  in  an  Ideal  Fluid  and  Break-Up  of  the  Vortex  Sheet.  Sov.  Phys.  Dokl. 

Vol. 21,  Ho. 4  (1976),  pp.  181-183. 

116.  Rehbach,  C.:  Etude  NumSrique  de  Happea  Tourbillonnaires  Issues  d'une  Ligne  de  Dicollement  pr£s  du 
Bord  d'Attaque.  Rech.  Aerosp.  Ho. 1973-6  (1973),  pp.  325-330. 

117-  Rehbach,  C.:  numerical  Investigation  of  Leading-Edge  Vortex  for  Low-Aspect  Ratio  Thin  Wings. 

AIAA  Journal,  Vol.l4,  Ho. 2  (1976),  pp.  253-255. 

118.  SchrSder,  W. :  Berechnung  der  nichtlinearen  Beiwerte  von  Flflgeln  ait  kleinea  und  aittlerea  Seiten- 
Verhtltnis  nach  dea  Wirbelleiterverfahren  in  inkoapressibler  StrSaung.  DFVLR  FB  78-26  (1978). 

119.  Kandil,  O.A.,  Mook,  D.T.  and  Hayfeh,  A.H. :  Nonlinear  Prediction  of  Aerodynaaic  Loads  on  Lifting 
Surfaces.  J.  Aircraft,  Vol. 13,  Ho. 1  (1976),  pp.  22-28. 

120.  Atta,  E.H.,  Kandil,  O.A.,  Mook,  D.T.  and  Nsyfeh,  A.H.:  Nonlinear,  Unsteady  Aerodynamics  Loads  on 
Rectangular  and  Delta  Wings.  AIAA  Paper  77-157  (1977). 

121.  Kandil,  O.A.:  State  of  Art  of  Nonlinear  Discrete- Vortex  Methods  for  Steady  and  Unsteady  High  Angle 
of  Attack  Aerodynamics.  AGARD  CP-247  (1979). 

122.  Kandil,  O.A.  and  Bnlakrishnan,  L.:  Recent  Improvements  in  the  prediction  of  Leading  and  Trailing 
Edge  Vortex  Cores  of  Delta  Wings.  AIAA  Paper  81-1263. 

123.  Bangle,  R.K.  and  Hancock,  G.J.:  A  Theoretical  Investigation  for  Delta  Wings  with  Leading-Edge  Vortex 
Separation  at  Low  Speeds.  ARC  C.P.  Vo.1086  (1970). 

124.  Kandil,  O.A.,  Chu,  L.C.  and  Yates  Jr.,  E.C.:  Hybrid  Vortex  Method  for  Lifting  Surfaces  with  Free 
Vortex  Flow,  AIAA  Paper  80-0070  (1980). 

125.  Yen,  A.,  Mook,  D.T.,  Hayfeh,  A.H.:  A  Continuous-Vorticity  Panel  Method  for  Lifting  Surfaces.  AIAA 
Paper  81-1895  (I98l). 

126.  Kandil,  O.A.,  Chu,  L.C.  and  Tureaud,  T.:  Steady  and  Unsteady  Nonlinear  Hybrid  Vortex  Method  for 
Lifting  Surfaces  at  Large  Angles  of  Attack.  AIAA  Paper  82-0351  (1982\ 

127.  Weber,  J.A.,  Brune,  G.W. ,  Johnson,  F.T.,  Lu,  P.  and  Rubbert,  P.E.:  Three-Dimensional  Solution  of 
Flows  over  Wings  with  Leading-Edge  Vortex  Separation.  AIAA  Journal,  Vol.lU,  Ho. 4  (1976), 

pp.  519-525.  Also  AIAA  Paper  75-866  (1975). 

128.  Johnson,  F.T. ,  Lu,  P. ,  Brune,  G.W.  and  Weber,  J.A.:  An  Improved  Method  for  the  Prediction  of 
Completely  Three-Dimensional  Aerodynamic  Load  Distributions  on  Configurations  With  Leading-Edge 
Vortex  Separation.  AIAA  Paper  76-417  (1976). 

129.  Tinoco,  E.H.  and  Yoshihara,  H.:  Subcritical  Drag  Minimisation  for  Highly  Swept  Wings  with  Leading- 
Edge  Vortices.  AGARD  CP-247  (1979). 

130.  Johnson,  F.T.,  Tinoco,  E.H.,  Lu,  P.  and  Epton,  M.A.:  Three-Dimensional  Flow  over  Wings  with  Leading- 
Edge  Vortex  Separation.  AIAA  Journal,  Vol.18,  Ho. 4  (1980),  pp.  367-380.  Also  Paper  79-0282  (1979). 

131.  Johnson,  F.T. ,  Lu,  P.,  Tinoco,  E.H.  and  Epton,  M.A.:  An  Improved  Method  for  the  Solution  of  Three- 
Dimensional  Leading-Edge  Vortex  Flows.  Volume  I  -  Theory  Document,  NASA  CP  3278.  Volme  II  -  User's 
Guide  and  Prognimurli  Document  ( i960) . 

132.  Luckring,  J.M. ,  Schoonover  Jr.,  W.E.  end  Frink,  B.T. :  Recent  Advances  in  Applying  Free  Vortex  Sheet 
Theory  for  the  Estimation  of  Vortex  Flow  Aerodynamics.  AIAA  Paper  82-0095  ( 1 982 ) - 

133.  Mori no,  L.,  Chen,  L.T.  and  Suciu,  E.0. :  Steady  and  Oscillatory  Subsonic  and  Supersonic  Aerodynamics 
around  Complex  Configurations.  AIAA  Journal,  Vol. 13,  Bo. 3  (1975),  pp.  368-374. 

134.  Hoeijmakers,  H.W.M.  and  Bennekers,  B.:  A  Computational  Model  for  the  Calculation  of  the  Flow  about 
Wings  with  Leading-Edge  Vortices.  AGARD  CP-247  (1979). 

135*  Verhaagen,  B.G.:  Measurement  of  the  Pressure  Distribution  on  a  Biconvex  Delta  Wing  of  Aspect  Ratio  1. 
Unpubl.  Rep.  Dep.  Aero.  Eng.  Delft  University  of  Technology  (1979). 

136.  Hummel,  D.  and  Redeker,  G. :  Experiment  ell  e  Bestinmg  der  gebundene  Wirbwllinieo  sowie  des  Strdmungs- 
Verlaufs  in  der  UMgebung  der  Hinterkante  eines  schlanken  DeltaflQgels .  Abh.  Braunschweig.  Wiss.  Ges., 
Vol. 22  (1972),  pp.  273-290. 

137*  Marsden,  D.J.,  Simpson,  R.W.  and  Rainbird,  W.J.:  The  Flow  over  Delta  Wings  at  Low  Speeds  with 
Leading-Edge  Separation.  Cranfield  College  of  Aeronautics  Rep.  Bo. 114  (1957). 

138.  Reddy,  C.S.:  Effect  of  Leading-Edge  Vortex  Flaps  on  Aerodynamic  Performance  of  Delta  Wings. 

J.  Aircraft,  Vol.18,  Bo. 9  (1981),  pp.  796-798. 

139*  Frink,  B.T; :  Analytical  Study  of  Vortex  Flaps  on  Highly  Swept  Delta  Wings.  I CAS  Paper  82-6.7.2  (1982). 

140.  Reddy,  C.8.:  Effect  of  Sweep  Angles  on  Aerodynamic  Performance  of  Double  Arrow  Wing  -  An  Analytical 
Study.  J.  Aircraft,  Vol.18,  Bo. 8  (1981),  pp.  702-703. 

lUl.  Kuhlmmn,  J.M.s  Analytical  Study  of  Separated  Vortex  Flow  on  Highly  Swept  Wings.  USA  CR  3022  (1978). 

142.  Rissi,  A.:  Vector  Coding  the  Finite-Volime  Procedure  for  the  CYBER  205.  In  Lecture  Series  Botes 
1983-04,  TO  (1983). 

143.  Hi t tel »  S.M.  and  Schmidt,  W. :  Slender  Wings  with  Leading-Edge  Vortex  Separation.  A  Challenge  for 
Panel  Methods  and  Euler  Codes.  AIAA  Paper  83-0562  ( 1983). 

144.  Manro,  M.E.  Nanning,  K.J.R.,  Hall  staff ,  Th.H.  and  Bogsrs,  J.T; :  Transonic  Pressure  Measurements  and 
Comparison  of  Theory  to  Experimsnt  for  an  Arrow-Wing  Configuration  f»i— 17  Report.  BASA  CR-2610  (1975). 

1 45 .  Brocard,  Y.  and  Mania,  F. :  Etudes  des  Caractiristiquss  4s  L*  Seoul  ament  Tourbillotmaire  sur  une  Ails 
so  Flee he.  OBStt  T.P.  lo. 1979-1*7  (1979). 

146.  Elite faee,  M.M. ,  Wu,  J.C.  and  Lakoudis,  S.O.:  Solutions  of  the  Compressible  Bavier -Stokes  Equations 
Using  the  Integral  Method.  AIAA  Journal,  Vol.  20,  Bo. 3  (1962),  pp.  356-362. 


Fig.  6  Cases  considered  for  2T>-tiae-dependent  wake  roll-up,  t  ■ 


Fig.  8a  Wait  behind  ring  wing,  t  m  1.5 


9b  Wake  behind  ving-body  vith  deployed  flap, 


t  a  1.0 


PRIMARY  VORTEX  CORE 
SECOMOARY  VORTEX  CORE 


Fig.  12  Vortex  flov  about  delta  ving 


Fig.  13  Flov  pattern  above  T6° /60°  doable-delta 
ving  (Ref.  83) 


Fig.  1U  Conceptual  view  strake-ving  vortex  flov  after  KOcheMnn  (Ref.  1) 


Fig.  15  Conical  flov  probli 


DELTA  WING  A R -10  O'- 20  DEG 

Fig.  23c  Comparison  of  conical  and  3D  solution 
(Ref.  83) 


Fig.  23d  Computed  pressure  distribution  on 
delta  wing 


VORSEP.  10*10  WINGPAN  ELS 
C  1*0.634  Cm*-0.526 
LEV  (REF.  131)  60  WINGPANELS  | 
Cl-0.729  C^-0.444 
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Fig.  25  Effect  of  variation  in  length  of  free  vortex  sheet 
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Flow  fields  with  vortex  separation  play  an  Important  role  In  the  aerodynamics  of  missiles  and  for 
airplanes.  Investigations  carried  out  recently  have  shown  that  such  flow  fields  can  be  computed  by  means 
of  solutions  of  the  Euler-equations.  In  the  present  paper  results  are  presented  for  flow  fields  around  del¬ 
ta-wings  with  freestream  Machnumber  larger  than  1.  The  range  of  the  angle  of  attack  is  up  to  a*  15°.  The 
Euler-equations  are  Integrated  by  using  a  space-marching  finite-difference  method.  The  delta-wings  have 
got  sharp  and  blunted  leading  edges.  At  the  sharp  leading  edge  a  condition  is  prescribed  which  produces  a 
tangential  discontinuity  by  means  of  which  vorticlty  is  Introduced  into  the  flow  field.  The  formulation  of 
the  governing  equations,  the  boundary  conditions  and  the  initial  data  is  discussed.  The  results  shown  are 
the  contours  of  the  bow  shock,  the  Isobars,  the  lines  of  constant  total  pressure  and  the  velocity  vectors 
of  the  cross  flow.  The  wave  drag  is  determined  by  evaluating  the  Integral  relation  for  the  momentum  in  an 
adequate  surface  In  the  flow  field. 
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1.  INTRODUCTION 

One  of  the  aims  of  theoretical  and  particularly  numerical  fluid  dynamics  1$  the  calculation  of  com¬ 
plete  flow  fields  past  missiles  and  aircraft  shapes.  Up  to  now  we  are  far  away  from  a  general  solution  of 
the Navler-Stokes  equations  because  of  the  problems  of  numerical  mathematics  (stable  and  fast  algorithms 
for  field  points,  compatible  algorithms  at  the  boundaries,  grid  generation),  physical  problems  (stability 
of  the  flow,  transition,  turbulence),  and  bounds  of  performance  of  the  computers  available  today  (main  me¬ 
mory,  memory  access,  operation  time  of  the  functional  units,  etc.). 

Nevertheless,  In  the  last  2  decades  considerable  advances  were  achieved  in  Integrating  derivatives  of  the  Na¬ 
vler-Stokes  equations  like  the  linearised  potential  equation,  the  full  potential  equation,  the  Euler-equa¬ 
tions,  the  boundary-layer  equations,  the  parabolized  and  thin-layer  Navler-Stokes  equations.  These  equa¬ 
tions  were  solved  for  flows  past  more  or  less  simple  two-dimensional  and  three-dimensional  configurations. 
It  seems,  that  the  calculation  of  flow  fields  with  supersonic  freestream  Machnumbers  (M_ >  1 )  is  a  rela¬ 
tively  easy  task  compared  to  the  calculation  of  subsonic  and  in  particular  transonic  flow  fields.  This  is 
due  to  the  fact,  that  the  formulation  and  the  realization  of  the  boundary  conditions  at  inflow  and  outflow 
boundaries  is  simpler  for  supersonic  flows  than  for  subsonic-  and  transonic  flows.  In  addition  the  poten¬ 
tial  equation  and  the  Euler-equations  are  hyperbolic  in  space  for  supersonic  flows  and  the  theory  for  sys¬ 
tems  of  quaslllnear,  hyperbolic  partial  differential  equations  In  two  and  three  dimensions  is  better  de¬ 
veloped  than  for  quasilinear,  elliptic  problems.  Because  of  the  structure  of  the  domain  of  dependence  of 
hyperbolic  problems  (e.g.:  steady  inviscid  supersonic  flow  fields),  a  space  marching  method  can  be  applied 
whereby  the  expenses  for  the  main  memory  of  the  computer  are  reduced  by  one  space  dimension. 

The  complete  aerodynamical  problem  of  flow  field  analysis  is  to  determine  the  pressure  distribution 
on  the  surface  of  a  given  configuration  at  given  freestream  values  (Machnuafcer,  Re-nuafcer,  angle  of  at¬ 
tack,  angle  of  yaw,  etc.).  All  the  relevant  aerodynamical  coefficients  of  forces  and  moments  can  be  cal¬ 
culated  by  integrating  the  pressure  distribution  on  the  body  surface.  In  some  cases  the  distribution  of 
temperature  at  the  body  surface  is  of  special  importance  (missiles,  space  shuttle).  When  a  complete  field 
solution  was  found,  the  above  mentioned  quantities  are  part  of  the  solution  in  the  frame  of  the  assump¬ 
tions  Introduced. 


A  lot  of  effort  hove  boon  v.pent  In  order  to  make  H  possible  to  calculate  shocks  with  numerical  me¬ 
thods.  Too  methods  are  available  today:  a)  the  ‘shock-fitting-technique"  [1]  and  b)  the  “shock-capturing- 
technique"  2 * 6' .  The  application  of  the  shock-capturing  technique  -  for  embedded  shocks  usually  em¬ 
ployed  -  requires  that  the  system  of  partial  differential  equations  Is  formulated  In  such  a  manner  that 
by  integrating  them  over  a  region  containing  discontinuities,  only  Integrable  functions  occur.  It  is  also 
necessary  for  the  prevention  of  expansion  shocks  that  the  numerical  method  contains  artificial  diffusion 
terms  '6  (entropy  condition). 

Another  kind  of  discontinuities  in  invlscld  flow  fields  Is  given  by  vortex  sheets.  The  transport  of 
vortlclty  through  a  flow  field  Is  done  by  diffusion  and  by  convection.  It  is  known,  that  flow  fields  with 
vorticity  can  be  calculated  by  using  the  Euler-equatlons  which  describe  the  convective  transport.  In  re¬ 
cent  years  vortex  flow  calculations  have  been  carried  out  by  applying  various  numerical  methods  In  order 
to  Integrate  the  Euler-equatlons:  for  problems  of  missile  aerodynamic  space-marching  procedures  in  connec¬ 
tion  with  a  kutta-condl tion  are  successfully  employed  [7*9],  a  time-dependent  method  based  on  a  finite 
volume  procedure  was  used  for  the  prediction  of  the  flow  past  transonic  and  supersonic  wings  [10,11]. 

It  was  found  by  the  last  authors  that  along  sharp  and  blunted  leading  edges  of  delta-wings  vortex 
separation  occured  although  no  Kutta-condltion  was  Introduced.  This  Is  a  surprising  result  and  cannot  be 
explained  up  to  now  [12]. 

In  the  present  paper  results  are  given  from  calculations  of  supersonic  flow  fields  past  delta-wings 
with  blunt  and  sharp  leading  edges.  A  three-dimensional  space-marching  finite  difference  method  based  on 
the  work  In  Refs.  [13,17,18]  Is  used. 

The  scope  of  the  paper  is  to  advance  the  understanding  of  Euler  simulations  of  vortex  flows. 


2.  CALCULATIONS  OF  FLOWS  WITH  VORTICITY  USING  THE  EULER-EQUATIONS 

Let  us  consider  some  of  the  effects  and  mechanisms  which  we  encounter  by  the  calculation  of  vortical 
type  flows  using  a  discrete  numerical  method. 

a.  Some  sources  of  vortlclty  In  a  flow  field  are: 

а)  shocks  of  varying  strength 

б)  Intersecting  shocks  of  different  strength 
y)  no-slip  condition  at  the  walls  [14,15] 

b.  Transport  of  vortlclty  by  the  Euler-equatlons  through: 
a)  convection  (along  streamlines) 

a)  diffusion  (normal  to  the  streamlines)  In  solutions  of  discrete  approximations  of  the  Euler-equa¬ 
tlons  due  to  the  artificial  diffusion  terms 

c.  Introduction  of  vortlclty  In  a  discrete  Euler  solution  by 
a)  a.  a)  and  a.  a) 

a)  a  Kutta-llke  condition 
y)  Initial  and  boundary  conditions. 

At  sharp  leading  edges  of  wings  the  Euler-equatlons  are  undetermined.  A  tangential  discontinuity  Is 
introduced  there  as  a  boundary  condition  which  Is  similar  to  the  Kutta-condltion  (c.  a))  used  at  the  trai¬ 
ling  edge  of  profiles  and  wings.  The  vorticity  produced  by  such  discontinuities  at  sharp  leading  edges  of 
delta  wings  is  convective  transported  Into  the  flow  field  and  models  the  leeslde  vortices  due  to  the 
artificial  diffusive  transport  (b.  a)). 


3.  THE  GOVERNING  EQUATIONS 

The  three-dimensional  steady  Euler-equatlons  in  a  non-conservative  formulation  read  for  cylindrical 
coordinates  (r.r.ip): 
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For  the  calculation  of  strong  and  weak  discontinuities  (shocks  and  vortex  sheets)  using  the  capturing 
method  It  Is  necessary  to  use  the  governing  equations  In  a  conservative  [2]  or  quasi -conservative  [13,15] 
formulation,  respectively. 


19.3 


The  quasi-conservative  formulation  Is  given  by: 
J  S  ♦  K  *M  *  L  “  ♦  H  •  0 

3Z  3V  3v£ 


(2) 


where  UT  *  (p,  cu,  pv,  ow,  e)  Is  the  solution  vector  end  e  =  -2-  ♦  1  •  (.°.o)  ♦  tg*I  *  the  total  ener¬ 
gy  per  volume.  Y"'  i  p 

The  Jacobi-matrices  J, K,L  are  lengthy  and  can  be  found  in  [13].  The  correlation  between  the  matrices 
A,B.C  and  J,K,L  can  conveniently  be  found  from  similarity  transformations.  We  consider,  for  example,  the 
first  term  of  equation  (2) 

y  .  )iH 
’  32 

and  look  at  the  vector  3/32  U  as  the  components  of  a  coordinate  system.  Let  the  linear  transformation 

y 

be  given  in  this  coordinate  system.  Then  we  obtain  a  transformation  to  another  coordinate  system  by 

and  y  =  T  •  y  (3) 

From  this  it  follows 


f<AU> 
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y  =  rlJT£x 

and  A  -  r1  J  •  T 

A  similarity  transformation  does  not  change  the  characteristic  equation  of  a  matrix.  Therefore  .1  and 
A  have  the  same  eigenvalues.  From  equation  (3)  we  obtain  in  a  simple  way  the  transformation  matrix  T: 
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and  the  inverse: 
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4.  THE  BOUNDARY  CONDITIONS 

In  this  paper  the  flow  past  delta  wings  with  blunt  and  sharp  leading  edges  is  considered.  The  flow 
field  Is  computed  between  the  bow  shock  and  the  body  surface.  The  boundary  conditions  at  the  bow  shock  are 
given  by  the  Rankine-Hugonlot  equations.  For  large  angles  of  attack  and  moderate  freestream  Nachnuabers 
the  bow  shock  surface  on  the  leeward  side  turns  into  a  Hach  surface  with  continuous  entropy  across  it. 
There,  the  prescribed  boundary  conditions  are  the  freestream  values  and  the  characteristic  direction-con¬ 
dition.  At  the  body  we  have  the  condition  that  the  normal  component  of  the  velocity- vector  has  to  vanish. 
At  the  sharp  leading  edge  the  solution  of  the  Euler-equations  is  indetermined  [7,9j.  A  condition  is  intro¬ 
duced  there,  by  means  of  which  a  tangential  discontinuity  Is  formed.  We  obtain 
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tan  *  •  tan»  (1  ♦  g) 
o  •  0.5  (o*  ♦  o  ) 


0 « 9  <  9m, 


The  direction  of  the  velocity  vector  at  the  sharp  leading  edge  can  be  determined  by  (•)  or  (••).  Both 
equations  have  proved  themselves  to  be  conditionally  useful.  In  (**)  *  is  the  angle  between  the  t-axis 
(marching-direction)  and  the  leading  edge,  and  g  Is  an  eeqilrlcal  quantity  of  the  order  of  magnitude 
Oigmax)  ■  1/«  • 
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5.  THE  ANALYTICAL  FUNCTIONS  FOR  THE  DESCRIPTION  OF  THE  GRID 

The  frame  of  reference  is  given  by  the  cylindrical  coordinates  (z,r,<p).  A  set  of  coordinates  z,{,4 
is  chosen  such  that  the  physical  space  between  the  surface  of  the  body  contour  and  the  surface  of  the  ini¬ 
tially  unknown  bow  shock  is  transformed  into  a  computational  space  having  plane  surfaces  at  his  bounda¬ 
ries.  In  addition  it  is  demanded  that  the  origin  p  of  a  local  polar  coordinate  system  in  planes  z > const 
can  be  defined  by  the  two  free  functions  xo,  yo  (Fig.  1).  In  that  way  a  proper  resolution  of  the  flow 
field  In  domain  with  strong  curvature  of  the  body  contour  is  attained: 


z  *  z 

y  .  (x!*y,)'/2 
Q  =  arc  tan ^ 

x(z.C.D)  *  x0(z,D)  ♦  R(z,{,D)cos5 
y(z,t,i)  *y0(z,D)  ♦  R(z,t.D)sinD 
R (z.L.D)  ■  G  (z.D)  ♦  {"(F(z.3)  -  G(£,») ) 
R(z,t,«)«  F(z.D)  ;  R(z,0,«)  =  G(z,D) 


(5) 


The  functions  x0(z,D)  and  y0(z are  problem-oriented  and  read  for  the  delta  wings  considered  here 

x0  (  z,D)  =  0  _  (6) 

y0(z,D)  »  const  •  sin  D  •  z 


6.  THE  NUMERICAL  METHOD 

The  numerical  method  was  derived  from  Ref.  [17].  There  it  is  employed  for  the  solution  of  the  Euler- 
equations  in  a  non-conservative  formulation.  The  extension  of  this  method  to  the  solution  of  the  quasi- 
conservative  formulated  Euler-equatlons  used  here  was  carried  out  in  Ref.  [13] .  Further  extensions  for 
more  general  geometries  as  considered  here  are  discussed  In  [18].  To  stabilize  the  method  In  critical  flow 
regions  (e.g.  strong  curvatures  in  the  body  contour)  an  explicit  diffusion  term  of  the  kind  a/K  9  3U/K 
with  S*  adylecVdpl+c),,,  was  introduced. 

The  method  itself  Is  Implicit  and  is  solved  in  the  direction  between  body  and  bow  shock  ({-coordi¬ 
nate)  by  a  linear  recurrence  formula,  and  In  the  two  remaining  directions  (z,0)  because  of  the  quasi-line¬ 
arity  of  the  governing  equations  by  an  Iteration  process  (z  Is  the  marching  direction). 


7.  THE  INITIAL  CONDITION  (STARTING  SOLUTION) 

The  solution  of  a  hyperbolic  problem  depends  strongly  on  the  Initial  conditions.  This  can  be  seen  by 
considering  the  domain  of  dependence  and  the  domain  of  Influence  of  the  flow.  Therefore  It  is  necessary 
to  produce  Initial  data  as  good  as  possible. 


For  the  present  solutions  always  a  small  part  of  the  body  near  the  apex  is  considered  as  conical  and 
for  this  part  a  conical  solution  is  provided.  The  cross-section  of  the  body  at  the  position  where  the 
calculation  Is  to  be  started  Is  considered  as  the  basis  of  the  cone.  Along  the  cone  the  calculation  using 
the  marching-procedure  Is  conducted  until  the  conical  solution  Is  reached,  l.e.  the  solution  Is  Indepen¬ 
dent  on  the  marching  coordinate.  The  Dlllner-wlng  is  taken  as  a  sample  case  [19],  Fig.  Z.  The  equation 
describing  the  surface  of  the  wing  reads: 


a  a  a 


spanwlse  sections  of  biconvex  circular 
arc  with  maximum  thickness  of  6* 


L*-j  R(y>  J  ♦  [*  ♦  *  •  R(y)  J  *  b*(R(y)  )  (7) 

with  a  •  4.1516  ;  b  «  a  +  0.03 
R(y)-  ■  L  t  y  tan  t 


Fig.  2 


The  calculation  is  started  at  At- 0.1  L.  The  equation  for  the  Ersatz-nose  cone  having  the  basis  of 
the  cross-section  surface  at  z-aL  fro*  equation  (7)  is  given  by 

[AL  -i  (L*^-y  tanc  )]’  ♦  [£x  Ja  (L y  tanc )] 1  .  b’[L •  y  tanc]  ’  (8) 


8.  CALCULATION  OF  THE  HAVE  DRAG 

For  some  of  the  cases  in  this  paper  the  wave  drag  coefficient  depending  on  the  z-coordinate  is  eval¬ 
uated.  By  considering  the  control  surface  plotted  in  Fig.  3,  we  can  see  that  the  wave  drag  of  the  body 
must  be  found  in  the  surface  3-3'. 


The  equation  for  the  wave  drag  can  be  written  as 

H  *  J|[pvn  (u_-  u)  ♦  <p_-  p)n2]  dO 
0 


(9) 


The  accuracy  of  the  field  solution  with  respect  to  the  numerical  approximation  can  be  checked  by  the 
application  of  an  equation  for  the  wave  drag,  consisting  of  eq.  (9)  and  the  energy  equation. 

He  obtain 

(u  -  u„);  *  v 
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»*„  (- 


-  -  h-h_  1  ♦  u„(  P_-P)n2]  dO 


(10) 


where  u„,  p_,  h  are  freestream  values  and  nz  is  the  component  of  the  normal  vector  in  the  z-direction  of 
the  control  surface  0.  The  use  of  a  body-fixed  coordinate  system  and  an  angle  of  attack  « >  0  makes  some 
changes  necessary  in  the  equations  (9)  and  (10)  [20] .  During  the  computation  of  the  flow  past  a  conical  bo¬ 
dy  by  means  of  a  marching  procedure  the  behaviour  of  the  equations  (9)  and  (10)  can  be  studied.  At  the  be¬ 
gin  of  the  computation,  when  the  flow  variables  are  still  far  away  from  the  conical  solution,  the  values 
of  the  equations  (9)  and  (10)  differ  strongly  from  each  other.  They  converge  to  a  common  value  only,  if 
the  conical  solution  is  reached.  This  is  due  to  the  fact  that  the  energy  equation  requires  the  conserva¬ 
tion  of  the  total  enthalpy  in  the  whole  flow  field  which  is  not  fulfilled  at  the  starting  position.  For 
the  coordinates  i.t.Owe  obtain  for  the  integral  eqs.  (9)  and  (10) 

J|  YdO=  tl  YDrdtd-9  (11) 

0  oo 

V  is  substituted  by  one  of  the  Integrands  of  eqs.  (9)  or  (10)  and  D  is  the  Jacobi-determinant.  Eq.  (11)  is 
Integrated  by  means  of  the  trapezoidal  formula. 


9.  RESULTS 

In  this  chapter  the  results  of  flow  field  calculations  past  two  delta-wings  (Fig.  2,  Fig. 4  )  are  dis¬ 
cussed.  The  delta-wing  shown  in  Fig.  4  consists  of  a  conical  part  of  the  length  L|  and  a  non-conical  part 
of  the  length  Lp,  where  for  the  non-conical  part  two  cases  are  distinguished.  Firstly,  a  blunted  leading 
edge  with  an  elliptic  contour  In  the  cross-section  and  secondly,  a  sharp  leading  edge. 

The  results  presented  are  cross  flow  velocity  vectors,  the  isobars,  the  lines  of  constant  total  pres¬ 
sure,  and  the  contours  of  the  bow  shock  in  planes  z  *  const  .  For  the  freestream  Nachnumber  N_*2.0  and  the 
angle  of  attack  a >10*  the  Figs.  5a, b  (blunt  leading  edge)  and  the  Figs.  6a, b  (sharp  leading  edge)  show 
the  velocity  vectors  of  the  cross  flow  and  the  contour  of  the  bow  shock.  From  Fig.  5a  (blunt  leading  edge) 
we  can  see,  that  the  flow  (up  to  z>2.2Li  !  has  no  tendency  to  separate  in  order  to  build  up  the  leeside 
vortices  known  from  the  experiment.  The  blunted  leading  edge  is  completely  flowed  around.  At  the  sharp 
leading  edge  (Figs.  6a, b),  however,  the  flow  separates  due  to  the  condition  eqs.  (4)  Implemented  there. 

The  Figs.  6a,b  show  the  velocity  vectors  of  the  cross  flow  at  z>2.88'L).  The  nuefcer  of  grid  points  has 
been  (17,  37)  in  the  E,b-d1rect1ons. 

Oownstream  of  the  conical  part  of  the  wing  where  the  vortices  are  forming  complicated  vortex  struc¬ 
tures  can  be  seen  already  for  o»  10"  which  are  strengthened  for  a»  15*.  In  order  to  get  more  Insight  into 
this  region  the  number  of  grid  points  In  9-dlrectlon  was  doubled.  Fig.  7a  (z  •  1 .85  Li  )  shows,  how  two 
small  vortices  and  one  large  vortex  are  developing  and  further  downstream  (Fig.  7b;  z ~  2.3 Li )  how  they 
are  merging.  In  Figs.  8a  (z*4Li)  and  9a  (z-8L;)  only  one  remaining  strong  vortex  can  be  seen,  which  Is 
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removed  from  the  body  surfaces.  Fig.  Sb  shows  the  isobars  In  the  cross  flow  plane,  while  in  Fig.  9b  the 
lines  of  constant  total  pressure  are  plotted. 

Ir.  an  inviscid  flow  with  constant  freestream  values  a  profile  in  total  pressure  can  occur  either  if 
the  flow  contains  a  curved  shock  or  if  a  tangential  discontinuity  is  enforced  by  a  boundary  condition.  In 
this  case  (Fig.  9b)  the  position  of  the  minimum  of  the  total  pressure  is  different  from  the  position  of 
the  vortex  core.  This  can  not  be  explained  in  the  sense  of  the  above  statement.  On  the  windward  side  near 
the  body  surface  we  can  also  observe  a  weak  decrease  of  total  pressure  due  to  the  variation  in  the 
strength  of  the  bow  shock  and  hence  conclude  vorticity  to  be  in  that  region.  A  small  vortex  seems  to  re¬ 
sult  near  the  plane  of  symmetry  (Fig.  7c).  In  Fig.  10  the  location  of  the  center-line  of  the  vortex  is 
plotted  which  is  taken  from  the  cross-flow  velocity  vector  plots.  The  center-line  of  the  vortex  is  ap¬ 
proximately  a  straight  line  which  downstream  removes  from  the  body. 

For  freestream  Machnumbers  H»-1.5  and  2.0,  and  angles  of  attack  o=5°  and  10°,  flow  fields  around 
the  Dillner-wing  (Fig.  2)  have  been  calculated.  Fig.  11  shows  some  results  in  planes  z  =  const  for  M„=1.$ 
and  o  =  6°.  The  grid  used  and  the  lines  of  total  pressure  are  plotted  at  the  positions  2  =  0. 1  L-|  .  The  total 
pressure  shows  on  the  leeward  side  close  to  the  leading  edge  a  strongly  changing  profile  and  on  the  wind¬ 
ward  side  near  the  body  surface  a  weakly  changing  profile.  The  velocity  vectors  of  the  cross  flow  show  at 
z  =  0. 4 Li  still  no  leeward  side  vortex.  This  is  due  to  the  displacement  effect  of  the  body,  which  posseses 
its  local  maximum  of  thickness  along  the  line  TIB  (Fig.  2).  Only  downstream  of  2=0. 5 L i  ,  where  the  thick¬ 
ness  of  the  body  decreases, vortices  are  exhibited  by  the  plots  of  the  cross-flow  velocity  vectors.  The 
center  of  the  completely  developed  vortex  tends  towards  the  leading  edge  (z  =  0.8Lj)  .  Furthermore  a  plot 
with  isobars  is  shown  at  the  position  z  =  0.8Lj  .  Lines  of  constant  total  pressure  and  velocity  vectors  of 
the  cross  flow  are  given  at  the  position  z  =  0.95Li  in  the  region  where  the  vortex  is  fully  developed. 

From  the  vector  plot  we  can  see,  that  the  vortex  lies  close  to  the  body  surface  due  to  the  moderate  angle 
of  attack. 

(Note:  The  reference  length  was  changed  for  the  representation  of  the  velocity  vectors  in  the  cross 
flow  plane  z  =  0.95Lj  .  Thereby  a  better  resolution  of  the  flow  can  be  attained  in  the  area  where  the 
vortex  lies). 

Fig.  12  shows  some  results  for  the  freestream  Machnumber  M_  =  2.0  and  the  angle  of  attack  «=5°.  At 
the  positions  2  =  0. 4Lt,  2  =  0. 8Ll,  and  Z-0.95L1  a  direct  comparison  with  the  results  of  Fig.  11  can  be 
made.  Due  to  the  larger  freestream  Machnumber,  compared  with  the  before  mentioned  example,  the  strength  of 
the  bow  shock  has  considerably  Increased.  The  physical  domain  oetween  the  body  and  the  bow  shock  to  be 
evaluated  is  much  smaller  than  in  the  M»*  1.5  case.  In  general  we  can  say  that  the  results  shown  in  Figs. 
11  and  12  are  rather  similar.  The  lines  of  constant  total  pressure  at  2  =  0.96  Li  show  a  more  pronounced 
minimum  of  the  total  pressure  near  the  center  of  the  vortex  than  in  Fig.  11.  At  2  =  0. 6Li  the  velocity 
vectors  of  the  cross  flow  Indicates  -  due  to  the  negative  gradient  of  the  function  of  the  body  contour 
with  respect  to  the  z-coordinate  near  the  plane  of  symnetry  -  the  onset  of  the  vortex. 

Fig.  13  shows  the  results  for  M„,«2.0  and  a  =  10°.  A  distinct  vortex  can  already  be  seen  at  2  0.6  L)  . 
In  the  plane  z  =  0.8Li  the  velocity  vectors  of  the  cross  flow  show  a  vortex  with  a  fully  developed  core. 

In  this  case  the  position  of  the  local  minimum  of  the  total  pressure  agrees  well  with  the  position  of  the 
center  of  the  vortex. Further  downstream  of  the  wing  a  decomposition  of  the  core  of  the  vortex  is  indicated 
(z  =  0.95li ).  It  may  be  that  the  artificial  diffusion  terms  used  here  is  causing  this  behaviour  of  the  so¬ 
lution.  The  wave  drag  as  function  of  the  z-axis  is  plotted  in  Fig.  14  for  the  three  calculated  flow  fields 
at  the  Dillner-wing.  The  wave  drag  was  calculated  using  equations  (9)  and  (10). 


10.  CONCLUDING  REMARKS 

In  the  preceding  pages,  a  few  calculations  of  flows  around  delta-wings  with  blunt  and  sharp  leading 
edges  have  been  discussed.  The  quasi-conservative  Euler-equations  are  Integrated  by  the  use  of  a  space 
marching  finite  difference  procedure.  The  flows  considered  art  always  supersonic.  The  separation  of  the 
flow  at  the  sharp  leading  edge  of  the  wing  is  modeled  by  imposing  a  Kutta-like  condition. 

This  paper  describes  a  first  step  of  a  work  to  get  more  insight  into  the  possibilities  to  calculate 
vortical  type  flows  with  numerical  approximation,  of  the  Euler-equations.  It  shows  that  the  numerical  me¬ 
thod  used  is  able  to  predict  the  vortices  on  the  leeward  side  of  delta-wings.  In  a  second  step  the  amount 
of  vorticity  created  by  imposing  a  Kutta-condition  will  be  investigated  in  more  detail. 
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RESUME 

On  s'intAresse  au  calcul  des  Acoulements  turbulent®  de  fluides  parfaitt  incompressible*.  La  mAthode  de  tourbil- 
lons  ponctuels,  Atendue  par  Rehbach  h  la  resolution  de  problAaes  tridimensionnels ,  semble  bien  adapt Ae  au 
calcul  de  Involution  des  grosses  structures  turbulentes .  Les  interactions  avec  les  phAnomAnes  correspondant 
aux  Achelles  plus  petites  sont  modAlisAes  au  moyen  de  1* introduction  de  plusieurs  niveaux  de  discretisation. 

Un  algorithme  numArique,  indApendant  du  nombre  de  niveaux  choisis  est  dAcrit,  et  son  application  A  quelques 
Acoulements  plans  est  prAsentAe. 


SIMULATION  Of  TURBULENT  FLOWS  WITH  A  POINT  VORTEX  METHOD 


SUMMARY 

This  paper  deals  with  the  computation  of  turbulent  incompressible  flows  of  an  inviscid  fluid.  The  point  vortex 
method,  extended  by  Rehbach  to  three-dimensional  problems,  is  thought  to  be  well-suited  for  the  computation 
of  the  evolution  of  turbulent  large  eddies.  The  interaction  with  lower  scales  is  modelized  through  the  intro¬ 
duction  of  different  hierarchies  of  vortices.  A  numerical  algorithm,  independent  of  the  number  of  hierarchies, 
ia  presented,  and  applied  to  some  examples  of  plan  flows. 


1  -  INTRCVUCTION- 

La  modAlisatiai  numArique  d' Acoulements  rAels,  le  plus  souvent  turbulents,  comporte  une  Atape  essentielle  :  la 
discretisation.  Celle-ci  consiste  &  Atablir  une  correspondence  entre  un  systAae  ayant  un  nombre  inf ini 
de  degrAs  de  libertA  et  un  syst&me  fini.  Cette  modAlisatioo  peut  parfois  a'avArer  rAalisable  directeaent 
sans  qu'il  soit  nAcessaire  de  tenir  compte  de  toute  la  finesse  des  phAnomAnes  physiques.  La  mAthode  class iqu# 
pour  les  Acoulements  turbulent®  consiste  alora  A  Acrire  les  Aquations  pour  les  champs  moyens  et  leur  nature 
non  linAaire  introduit  une  moyenne  de  produit  qui  rAapparatt  A  un  ordre  supArieur  dans  cheque  Aquation,  A 
mesure  que  l1 on  prend  en  compte  des  moments  d'ordre  plus  AlevAs.  Le  dAcouplage  de  ces  Aquations  o' est  pas 
possible  a  priori  puisqu'il  reviendrait  A  rAduire  le  nombre  de  degrAs  de  libertA.  On  introduit  done  des 
hypotheses  de  fermeture,  spAcifiques  du  nonbre  d'Aquations  prises  en  compte  et  du  type  d'Acoulement  reprAsentA. 
La  rAsolution  de  ces  Aquations  complexes  se  fait  en  gAnAral  par  voie  numArique  et,  la  turbulence  Atant 
essentiel lement  un  phAnom&ne  tourbilloanaire,  les  mAthodes  de  type  transport  Lagrangien  du  tourbillon 
semblent  fournir  un  aodAle  capable  de  calculer  avec  une  certaine  souplease  les  Acoulements  incompressible* 
les  plus  gAnAraux.  Leur  application  A  des  Acoulements  turbulents  a  fait  I'objet  d'un  grand  nombre  de  travaux 
en  particulier  par  Christiansen  [1],  et  Aref  et  Siggia  [2]  pour  des  cas  pAriodiques.  Chorin  [3]  a  Agalement 
proposA  une  approche  originals,  mais  qui  semble  poser  des  pr obi Ames  de  prAcision  (Milinazco  Saffman  IM)* 

Le  but  de  ce  travail  est  de  construire  A  partir  d'idAes  physiques  simples,  un  modAle  ne  constituent  pas 
une  mAthode  faiaant  appel  A  la  rAsolution  numArique  des  Aquations  de  Navier-Stokes ,  mais  penaettant 
d'aborder  des  coaq>ortements  similaires  A  ceux  induits  par  la  turbulence.  Ce  modAle  aura  pour  base  la  mAthode 
particulaire  de  Rehbach  £ 5 J  qui  permet  de  calculer  les  Acoulements  tridimensionnels  incompressible®  de 
fluids  parfait.  Celle-ci  prAsente  I'intArAt  de  ne  pas  fairs  appel  explicitement  A  la  structure  en  filaments 
tourbillonneires  de  l'Acoulement  et  le  principe  de  cet  algorithme  sera  ici  rappelA.  On  exposera  ensuite 
les  bases  de  la  mAthode  numArique  de  rAsolution  proposAe  et  on  eseaiera  de  montrer  en  quel  sens  il  s'agit 
d’une  mAthode  de  calcul  d'Acoulementa  turbulents.  Enfin,  quelques  rAsultats  seront  prAsentAs  pour  des 
Acoulements  bidimens ionne Is. 


t  -  LA  METHOVE  PE  REHBACH  I$]  - 

L’Acoulement  d'un  fluide  parfait  incomprassible  est  rAgi  per  l'Aquation  de  Helmohlta  pour  le  celcul  de  Invo¬ 
lution  dans  le  t^mps  du  tourbillon  uJ  -  rotation  du  champ  de  vitesse  ,  et  l'Aquation  de  continuitA  : 
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avec  : 


A  partir  des  deux  derniAres  Equation*  de  (2),  on  peut  expriaer  le  cheap  de  vitesae  U  en  foncticm  de  CO 
par  la  formulation  intdgrale  de  Biot~Savart  : 

..  il if  w'  Atg'-aj  +  o<rt  csi 

lx' -  xt* 


£  "  w  5^  (<Jj>  ■ 

ou  J  e«t  le  dimension  de  I'eapace,  et  est  le  potentiel  des  vitesses.  Celui-ci  ext  ddtermind  par  les 
di verses  conditions  aux  limites,  en  particulier  A  1' inf ini.  La  mdthode  particulaire  a  pour  but  de  rdsoudre 
le  systAme  formd  par  lea  Equations  (2. a)  et  (3). 

Le  chaop  de  tourbillon  est  diacrdtisd  au  moyen  de  particules  tourbi 1 lonnaires  et  1 ’dcoulement  est  alors 
ddcrit  par  deux  champs  de  vecteurs  discrete  :  le  tourbillon  jQj  portd  par  cheque  particule,  et  un  vecteur 
position  carac tdrisant  la  particule  A  chaque  pas  de  temps.  A  1* instant  initial,  ces  deux  champs  gone 

formas  A  l* aide  de  la  relation  : 

£'•  =  \\\^  y  <* 

n,A5i  =  jff  Caj  ’  Jif  (4  b) 

1 ' ind^ termination  sur  le  vecteur  dansle  cas  d 'dcoulements  tridimensionnels  eat  levde  au  moyen  d'une 

contrainte  suppldmentaire  (minimisation  de  l'erreur  aur  la  vitesae).  Pour  calculer  Involution  de  cea  deux 
chases  de  vecteurs,  on  utilise  deux  systAme*  couples  d 'Aquations  diffdrentielles  obtenuea  en  diserdtiaant 
(2. a)  :  .  _ 

dX'-  ,  11.  (* 

At  '  _ _ 

AS±-(ni  V)o\.  (5  <0 

ou  £,•  d^signe  une  valeur  representative  de  la  fonction  £  sur  la  particule  i  qui  n'est  pea,  en 
gdndral,  la  moyenne  algdbrique  de  %  sur  *?;  .  be  champ  de  vitesse  et  son  gradient  aont  calculds  A  partir 
de  (  £  •  ,  X;  )  par  des  relations  intdgrales  correspondent  A  (3)  et  A  sa  ddrivde  : 

uTiT^u,  =_J_E 

j#«  IXi-Kii  *£• 
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et  pour  «  ■  J  : 

-  Jn  I  JfriS.  +  ... 
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11  est  bien  connu  des  utilisateurs  des  mdthodea  de  tourbillons  ponctuels  que  ces  relations  intdgrale* 
prdaentent  des  singularitds ,  et  done  des  techniques  de  rdgulariaation  sont  ndeessairea.  On  utilise  une 
une  fonction  rdgularisante  qui  peut  Acre  par  exemple  une  gaussienne.  Cette  dernidre  prdsente  1'intdrCt 
d'etre  solution  exacte  de  l'dquation  de  diffusion  par  une  source  ponctuelle  de  tourbillon  et  or  a  dsns 
(6)  ,  pour  les  tourbillons  tela  que  : 

I  Sj  _&l  <  e 


U.J  =  4—  O-I  -*<)  exp  (-l5,  -Sil*/'yfc)  «) 
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oik  £  et  V  sont  des  constsntes  A  fixer.  De  nombreux  calculs  ont  dtd  rdalisds  par  Rebbach  ddmontrant 

1'efficadtd  de  la  odthode.  Enfin,  1' analyse  numdrique  de  l'algorithme  a  dtd  faite  par  diffdrents  auteura  : 
Cottet  et  Raviert  [7]  et  auasi  Maj  a  et  Beale  [8).  11  s'agit  done,  A  notre  connaissance,  de  la  seula  mdtbode 
de  tourbillons  tridimenaionnelle  ay  ant  fait  l'objet  d'une  justification  nathdmatique  compute  en  ce  qui 
conceme  la  convergence.  Plus  rdceoment  cette  mdthode  a  dtd  dtendue  par  1 'auteur  A  des  obstacles  en  mouve- 
ment  quelconque,  et  en  particulier  aux  voilures  tournantes.  La  figure  1  montre  des  lignes  d' dais s ion 
produites  par  un  rotor  monopale  en  vol  stationnaire. 

3  -  m  METHOVe  W0MEgI(yi£  SIMPLIFIED  - 

L'idde  de  base  de  la  rtthode  proposde  eat  la  suivante  :  nous  supposona  que  l'dcoulement  eat  reprdaentd,  corns 

cels  a  dtd  ddcrit  plus  haut  par  un  certain  nombre  de  particule#  porteusea  de  tourbillon.  A  leur  tour,  cea 

particules  pnvent  Atre  considdrdes  come  formdes  par  un  systAme  de  taille  plus  petite.  En  reconduiaant  le 
proeddd,  on  obtient  une  suite  de  eystftmea  edboitda  qui  reprdaentent  asses  bien  l1 image  claaaique  des  dcoule- 
nenta  turbulent#.  Nous  allooa  voir  dans  ce  qui  suit  coaaent  un  sebdma  peut  Atre  ddrivd  de  l' analyte  de  la 
mdtbode  des  tourbillons  ponctuels,  et  surtout  comment  das  hypotheses  physiques  permettent  de  construire 
sur  ces  bases  un  algorithms  numdrique  efficacc. 

Lora  de  la  rdaolution  numdrique  dea  Aquations  (2. a)  et  (3),  il  est  dvident  que  l'dtape  la  plus  coQteuse  sat 

constitude  par  la  calcul  de  la  forma  discrete  de  la  relation  (3).  Sous  la  forma  (6)  elle  ndcaaaita  un  nombre 

d' operations  proport  ionnel  au  carrd  du  mmfere  da  tourbi  Ilona  Na  ,  ca  qui  deviant  vite  uh  limitation 
sdrieuss.  On  ae  trouva  done  face  au  problems  claaaique  de  choisir  un  nombre  de  tourbillons  ponctuels  qui 
soit  la  plus  grand  possible  tout  an  raatant  compatible  avac  lea  capacitda  des  moyena  informatiqoaa  dont 
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on  dispose.  Ce  nombre  de  particular  ddtervine  a  lor*  directement  1' interval  le  dea  dchelles  reprdsentdes  dan* 
le  calcul.  Un  deuxibme  facteur  interveoant  aur  celui-ci  sera  l'erreur  de  troncature  cowd.se  dans  l'dtape 
de  diaerdtiaation .  Co  un  point  donnd,  le  calcul  de  l’intdgrale  (3)  par  la  fornule  (6)  cootient  une  erreur 
qui  peut  Itre  dvalude  en  fonction  de  Is  distance  entre  une  particule  y*,*  et  le  point  de  calcul.  Suppo- 
sons  le  dosuiine  de  calcul  ddcoupd  en  couches  circulaires  (bidisKnsiotmelles)  ou  sphdriques  (tridimen- 
•  ionnelles)  de  rayon*  (  P  ,  r  ♦  Vi  ) .  La  contribution  de  cheque  couche  fjj  dans  (3)  peut  Itre 
approchde  en  a up po* ant  que  le  tourbillon  est  rdparti  aur  le  cercle  -ou  la  sphlre-  de  rayon  r#  contenu 
dana  .  On  conmet  une  erreur  proportionnelle  b  W*  /  r%  f  qU£  eat  maximum  pour  les  premitre*  couches. 

On  peut  done  en  ddduire  que  la  taille  des  dchelles  correctenent  reprdsentdes  ddpend  easentiellenent  de 
l’erreur  locale  Enauite,  on  conatate  que,  quelle  que  soit  la  taille  dea  particules,  la  mdthode,  su-delb 
d’une  certaine  distance  ne  pease t  plua  de  prendre  en  compte  lea  petites  dchelles  dont  I’effet  est  slors  noyd 
dans  l’erreur  globale.  Ces  conclusions  aafeaent  nature  1 learnt  k  l’idde  que  l’on  peut  au  loin  amalgaaer  un 
certain  nonfcre  de  particules  de  fa$on  b  rdduire  le  volume  des  cslculs. 

Pour  rdaliser  ceci,  il  est  ndeessaire  de  faire  choix  d’uoe  valeur  ,  plua  petite  dchelle  prdsente  dans 

le  calcul.  On  peut  alors  appauvrir  le  ddtail  de  l'dcoulement  au  loin  en  prenant  par  exemple  une  auite  de 
couches  a uccessives  de  rayon*  : 


hn  —  2  ^  n-i  = 
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"  ...  “ 

Par  contre,  le  champ  de  vitease  devant  Itre  connu  en  tout  point,  il  devient  ndeessaire  de  possdder  partout 
dans  le  domaine  de  calcul  des  informations  relatives  b  toutes  les  dchelles,  selon  que  le  point  de  calcul 
est  plus  ou  Bkoins  dioignd.  Cette  superposition  b  un  instant  t  de  toutes  ces  dchelles  rappelle  la  superpo¬ 
sition  dans  un  dcoulement  turbulent  de  toute  une  classe  de  nosfcres  d’onde,  et  nous  reviendrons  sur  ce  point 
dans  le  chapitre  suivant.  Remarquons  seulement  ici  que  nous  n’avons  encore  introduit  aucune  approximation 
suppldmentaire  dans  (5)  et  que  nous  ddcrivons  uniquetaent  un  noddle  de  calcul,  sans  souci  de  son  dventuelle 
applicabilitd.  Si  nous  considdrons  maintenant  une  distribution  de  tourbillon  on  peut,  dtant 

demnd  une  valeur  caractdrisant  par  exemple  l'arlte  d’une  particule  initialenent  cubique 

ddfinir  une  diaerdtiaation  de  b  partir  des  relations  (4).  On  peut  faire  de  mine  pour  toutes 

valeurs  de  h*  prises  dans  la  auite  ddfinie  par  (9).  On  introduit  alora  la  condition  suppldmentaire 
qu’ une  diaerdtiaation  de  rang  *»♦  i  conatitue  une  subdivision  de  la  diaerdtiaation  de  rang  n 

En  d'autre  terme,.  toute  particule  de  la  diaerdtiaation  «  **  est  contenue  dans  une  et  une  seule  particule 

de  rang  r*  .  On  obtient  ainsi  une  auite  d’ ensemble  de  particules  (  0.j*  ,  )  qui  nous  permettent 

de  construire  le  chop  de  vitesse  spprochd  en  X0  « 

y  <*.>  =  £  E  or  a  (10^ 

oil  :  n  )l7(n/xa)  1  X*  _  jcm\ 

=  f  j  e  r/  <  (x;.  ,J<E  l^qt*"** 

l  Hf) 

et  J*n  est  1 'ensemble  das  indicas  dea  particules  de  la  diaerdtisation  de  rang  n  .On  conqoit  aisdment 
qua  le  calcul  du  champ  de  vitesse  par  (10)  at  (11)  ne  reprdsente  paa  une  dconostie  puisque  le  nombre 
d'inconnues  se  trouve  notablenent  augment^  ce  pend  ant  que  son  utilisation  dana  un  problems  devolution  suppose 
une  intdgration  des  dquationa  (2. a)  et  (3)  pour  chaque  particule  !  Nous  allona  voir  maintenant  consent 
on  peut  aboutir  b  l'dconomie  de  calcul  recherchde  en  appliquant  au  systbme  diserdtisd  qualquea  siaq>lifica- 
tions  de  nature  physique. 

4  -  UN  MOVE  LE  PE  TURBULENCE  - 

La  aodble  numdrique  qua  l'on  vient  d'dtfblit  fournit  une  reprdsentst ion  de  1* dcoulement  trba  proche  de 
1 'image  couraament  edniee  daa  cascades  de  structures  turbulentet  -figure  2  -  de  plua,  l'utilisation  des 
tourbillona  ponctuels  smbnt  qua  lea  structures  correspondent  aux  petitea  dchelles  intaragissent  entre 
alias,  at  sont  convectdaa  avac  laur  vitesse  prop re  rclativemant  au  ddplacamsnt  d' ensemble  des  dchelles 
supdrieuree.  On  peut  remarquer ,  par  ailleurs,  qua  cat  qualitds  sont  dues  principalemant  b  la  prdsence 
eimultande  au  sain  de  l'dcoulement  de  toutes  las  diserdtisations  (  Q.  *  ,  j'  ).  Dans  ce  qui  suit, 

et  par  analogic  avec  la  1 engage  habitue  1  en  turbulenco,  nous  appellerons  celles-ci  "hidrarchiee  de 
rang  f)  ".  Rous  si loos  main tenant  introduire  des  simplifications  suppldmenteires  de  faqon  4  former  un 
noddle  de  l'dcouleawnt  pratiquement  utflisable.  L'idde  la  plus  simple  cone is te  b  dd coupler  le  calcul  de 
chaquc  structure  1  l'intdrieur  d'uns  hidrarchia,  at  b  intdgrer  las  dquationa  (2.*)  at  (3)  localement, 
cow  ai  la  structure  dvoluait  on  "bloc"  .  8uppoeona  qua  le*  diffdrentes  hidrarchiee  aoient  construites 
selon  la  proeddd  ddcrit  au  paragraphs  3,  cheque  particule  d’une  hidrarchia  n  est  nbrt  d 1 un  ensemble 
da  particule*  de  la  hidrarchia  nel  .  On  peut  done  pacamftrer  une  particule  d’uoe  hidrarchia  n 
que  l  coo  que  au  aoyca  dee  indicas  carraapondant  b  *ea  ancltras  dana  las  hidrarchiee  de  rang  infdrieur  b  r>  : 

x"  <  ,  j.eJ*  (»*) 

Oie/Je-V-  /j. 

Is  prenint  pour  origins,  b  l'intdrieur  d'une  mime  structure  ou  systlne  de  particules,  la  particule  mtre 
raprdasntant  celle-ci,  on  peut  dcrire  une  nouvelle  fefon  de  caractdriser  une  particule  da  rang  r) 

Xjaije.tr-  /)•  a  X|j  ^3) 


I 


20-4 


Le  deplacement  de  cette  particule  *e  trouve  ainsi  relie  au  deplacement  de  to  us  aea  ancfetres,  Mia  lc  calcul 
de  ceux-ci  par  la  formule  (8)  n'est  plua  envisage able .  Noua  a Ilona  done  introduire  ici  une  hypothfese 
supplemental re  en  aupposant  que  chaquesyst&me  de  la  hierarchic  W  ne  depend  dans  son  Evolution  que  de 
lui-mSme  et  des  hierarchies  de  rang  infdrieur  It  n  . 

En  d'autres  terror,  nous  suppoaons  que  lea  structures  d'une  m8ae  dchelle  constituent  un  systbme,  ou  macro- 
structure,  interagissent  entre  elles,  mail  n'ont  pas  d ' interaction  directe  avec  lea  structures  de  mbme 
tfehelie  presences  dare  d'autres  macro-structures.  On  obtient  ainsi  un  systbme  d' Equations  different ielles 
permettant  de  calculer  : 

,0-  r  -an 


£  O'  -£  ) 

77  -*i  . 

111  1  /  n-i;  est  1 'ensemble  des  indices  des  particules  de  la  hidrarchie  *  qui,  co 


ont  pour  mfere  la  particule  (  ^  forme  de  la  mbme  fajon  une  Equation  pour  H"  b  partir  de 

liquation  (7).  En  remarquant  que  n'est  plus  cette  fois  une  fluctuation  du  tourbillon,  rnais  sa 

valeur  locale.  ~  * 

On  se  trouve  ainsi  ramend  b  une  succession  de  calculs  eiementaires  correspondent  b  autant  d' applications 
de  la  todthode  de  tourbillons  ponctuels.  Si  on  suppose  que  toutes  les  structures  composant  une  hiirarchie 
donnde  sont  composdes  du  mfime  nombre  de  particules,  on  a  pour  la  hidrarchie  ultime  une  population  donn^e 
par  :  n. 

W"*  =  N*77m(  (15) 

IH 

le  nombre  d' operations  dtant  proportionnel  b  : 

=  (N'f’+E  C  W*ff  m;)  mjf  t16> 


et  pour  une  adthode  classique  : 


N.p  =  (N*)‘  U 


L' introduction  d'un  plus  ou  moins  grand  nombre  de  hierarchies  dans  le  calcul  se  fait  d'une  faqon  trbs  simple 
en  exploitant  le  caractbre  recurrent  du  modble.  Chaque  calcul  pour  une  structure  donnbe  correspondent  b  une 
application  de  la  mdthode  des  tourbillons  ponctuels  classique,  il  suffit  de  construire  un  algorithme  de 
recurrence  adaptable  b  un  progranue  simple  et  pilotant  celui-ci.  Une  des  contraintes  d'un  tel  calcul  est 
qu'il  faut  alors  ranger  les  informations  relatives  b  toutes  les  particules  sur  un  m8me  vecteur  dt  faqon  b 
automatiser  la  recherche  d' indice.  II  faut  par  ailleurs  s'assurer  que  les  relations  (4)  sont  toujours 
vdrifibes  au  sens  oii,  si  (  ft"  #  X*) eat  particule  mire  des  particules  (0-“'  X**')  »  appartenant 

b  M  (j,n)  ,  on  a  :  ^  *v 

e  or-o"  ns) 

M  (i.»0 

e  or'Axr*  o. 

M  <j,«0 

Ceci  conduit  done,  b  chaque  integration  de  l’dqurtion  (2. a)  pour  toutes  les  particules  d'un  niveau  nel  , 
b  rdactualiser  le  tourbillon  et  les  positions  des  particules  de  la  hidrarchie  .  On  complete  1' algorithme 
en  ce  qui  concerne  la  ddpendance  spatiale  des  different#  niveau*  d' approximation  par  la  possibilitd  de 
rattacher  une  particule  de  niveau  d' approximation  b  la  paTticule  dont  elle  est  la  plus  proche,  ce 

qui  permet  d' adapter  au  mieux  les  diffdrentes  discretisations. 

II  peut  8tre  intdressant  de  comparer  la  nature  des  cermet  obtenus  dans  l'dquacion  du  tourbillon  avec  leur 
analogue  diacret.  La  verification  des  relations  (18)  et  (19)  reprdsente  1 'action, sur  le  champ  moyen  de 
vitesse  et  de  tourbillon,des  petits  mouvements  que  nous  appellerons  fluctuations  de  tourbillon  d'dchelles 
infdrieures.  En  particulier,  la  relation  (19)  eat  une  correction  aur  le  barycentre  de  chaque  cellule,  et  eet 
done  tout  b  fait  locale.  Elle  reprdaente  une  forme  discrete  des  fluctuations  aur  la  deformation  de  chaque 
particule  .  La  second*  dtape  quant  b  elle  est  une  redistribution  du  tourbillon  par  l'affet  des  fluctua¬ 
tions  de  vitesse,  main  son  action  aur  lea  grosses  structures  ne  devient  effective  que  par  1 ' application 
de  la  relation  (18)  qui  entratne  b  aon  tour  la  modification  de  (19).  On  peut  dcrire  formellement  des 
equations  de  transport  correspondant  b  ces  deux  relations,  en  fonction  du  tourbillon  moyen  Q  ,  et  de  la 
fluctuation  locale  ,  avec  pour  la  vitesse  et  la  position  des  particules,  les  notations  :  U  ,  AX  ,  X  , 
x  .  On  a  :  ***'** 

Q  A  »  A  A  U  ■+  I  <AI  A  U  4(T  +  j  n  A U.  +  I  U>A tx  it)  .  j 

41  *9,  x  V.  X  T.  x  J(P,  * 

1 10) 

j  0  =r  (  n  .V)U  ♦  f  (  u>  .9)  U  (  Cu>  V)i*.  i(J  f  ul  (jxn)  i • 

it  ~  ~  ~  '  ~  ~  I*-  ~~  (t.) 
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avec  :  r  , 

I  u>  <*(/  -  o 

V 

C'est-d-dire  que  si  5^  esc  une  particule  contenue  dans  ,  on  a  avec  les  notations  pr£c£dente*  : 

n."  =  J  ( oT*'/i<p.i  =  J <n  * ^  (*« 

*?t  Qjf 

Dans  1‘ integrate  (20),  le  terme  I  est  mil,  et  les  deux  teraes  II  regroupds  reprdsentent  1 'effet  des  agita¬ 
tions  des  tourbillons  d'un  systdme  sur  la  particule  reprdsentant  celui-ci,  et  done  sont  pris  en  compte 
dans  I'dtape  de  verification  des  relations  (18)  et  (19).  Le  tense  III  reprdsente  le  fait  qu'une  particule 
ayant  change  de  systdae  ne  figure  plus  dans  la  relation  (19).  L'aspiration  de  celle-ci  par  une  macro-struc¬ 
ture  voisine  de  celle  dont  elle  faisait  partie  a  pour  effet  de  nodifier  la  position  de  ces  macro-struc¬ 
tures.  Les  diffdrents  teraes  de  l 'equation  (21)  s' interprets  de  la  adme  faqon. 

II  est  possible  d'dtendre  l' idee  de  la  hierarchie  au  pas  de  teaps  choisi  dans  la  forae  discrete  de  (2. a). 

En  effet,  le  minimum  pour  ce  pas  de  temps  est  lie  1  la  discretisation  en  espace  par  la  classique  condition 
de  Courant,  et  peut  6tre  impose  par  le  niveau  de  discretisation  le  plus  fin.  En  fait,  cette  contrainte  peut 
Ft re  en  partie  affaiblie  pour  les  grosses  structures,  et  reoplacee  par  une  formulation  adaptee,  et  tenant 
compte  de  l'effectif  par  unite  de  vol-me  -ou  de  surface-  des  systfemes  de  la  hierarchie  concernee.  Si  on 
note  rvwn  ce  nombre  pour  la  hierarchie  •  ,  la  distance  stoyenne  entre  deux  particules  est  donnde  par 

(mToV"  ,  et  on  calcule  le  pas  de  temps  At  ;  k  partir  du  plus  petit  pas  de  teaps  utilise  par  : 

Afci.  V  n’,C,°  ^  (tS) 

ou  i*  est  le  nombre  maximum  de  hierarchies  presentes  dans  le  calcul.  Cette  prise  en  compte  d'un  pas  de 
teaps  adapte  k  la  tailK  des  structures  tourbillonnaires  caiculdes  peut  ausai  s '  interpreter  cow  l*  analogue 
discret  d'une  moyenne  en  temps  sur  ies  petites  structures,  leur  action  sur  les  grosses  structures  n'etant 
prise  en  compte  qu’avec  une  dchelle  de  teaps  propre  8  celles-ci.  En  outre,  cette  determination  du  pas  de 
teaps  permet  un  gain  substantial  sur  le  nombre  d’operationa  k  effectuer  pour  calculer  1 'evolution  de 
1 'ecoulement  pendant  un  interval le  de  temps  donnd. 

On  a  done  ete  amend  8  introduire  des  simplifications  dans  l'algorithme  numdrique  qui  peuvent  se  mettre  sous 
forme  d 'hypotheses  physiques  adaissibles  sur  la  nature  des  dcouleaents  turbulent# .  Les  effets  k  grande* 
dchelles  sont  calculds  de  faqon  exacte  -aux  teraes  de  1 ' approximation  nuadrique  choisie-  alors  que  lea  effets 
des  petites  dchelles  sont  aoddlisds  sous  forae  de  corrections  sur  le  chaap  aoyen.  On  peut  espdrer  par  cette 
adthode  atteindre  des  dchelles  suffissaaent  petites  pour  que  les  effets  locaux  de  la  turbulence  puissent 
dtre  aoddlisds  facileaent. 

5  -  EXEMPlES  PE  MISf  EN  OEUVRE  MUMEPIgJE  - 

Les  exesiples  que  nous  prdsentons  sont  tous  bidiaens ionrel* .  Cette  restriction  dont  le  but  evident  eat  de 
simplifier  ie  programme  de  calcul  n'eat  cependant  pas  trop  gfnante  dans  la  assure  oil  la  plupart  des  rdsultats 
de  calculs  disponibles  correspondent  k  ce  type  d 'dcouleaent .  Pour  construire  une  distribution  initiale  de 
tourbillon,  nous  supposons  que  celui-ci  peut  dtre  reprdsentd  par  une  fonction  de  la  forae  : 

CJ  «x,-j)  a  J 

le  support  du  tourbillon  eat  alors  diserdtisd  en  paves  porceurs  de  tourbillon,  do(mds  par  les  foraules 
(4)  et  (20).  Chaqve  pavd  est  lui-atsw  ensuite  reddeoupd  suivant  le  noabre  de  hierarchies  souhaitd  pour 
le  calcul. 

Le  preaier  exeaple  p»£«entd  -figure  ‘  •  est  relacif  au  probldae  de  Faden  (91.  II  s'agit  de  calculer  1 'evolu¬ 
tion  d'une  ligne  port ant  une  danaitd  de  tourbillon  donnde  par  : 

g(x>  =  U  x  C  -  x*)  <*5) 

oil  U  et  a  sont  des  vitesse  et  longueur  carectdristiquea .  On  traite  ici  le  probldae  syadtrique,  e'eat-d- 
dire  que  le  support  du  tourbillon  est  fini  et  coapris  entre  -  a  et  ♦  •  .  Ce  calcul  correspond  8  un 

probldae  d ' ad rodynaaique  qui  consists  ft  construire  la  nappe  tourbillonnaire  issue  du  bord  de  fuite  d'une 
aile  dont  la  charge  est  elliptique.  L'enelogic  avec  le  calcul  prdsentd  eat  obtenue  en  supposant  que  la 
nappe  est  une  petite  perturbation  d'un  dcoulamant  uni forae,  et  done  que  la  distance  eu  bord  de  fuite  de 
1 'aile  joue  le  rdle  du  teaps.  Nous  avons  dtudid  ce  probldma  dans  le  cas  oft  la  nappe  e  me  petite  dpaisseur 
ce  qui  peut  repr4eenter  un  effet  de  la  viscositd.  Pour  ce  calcul  d'essaie,  nous  avons  choisi  une  repartition 
gauss  ienxte  correspond  ant  ft  la  diffusion  visqueuse  d'uoa  densitd  lindique  de  tourbillon.  On  reaarque  sur  la 
figure  3.2  des  ddferlements  secondeirea  qui  n'apparaiaaent  paa  aur  3.1  et  qui  peuvent  itre  attribuds  8  I'ef tot 
d'dpaiaaeur  alore  que  celui-ci  n'intervient  expliciteaent  qu'au  deuxidnt  niveau  de  diserdt last ion.  / 

Ce  probldae  a  dtd  dtudid  par  da  ooabreux  auteurt  pour  la  caa  d'une  nappe  de  discontinuitd,  et  par  Nake^ 

(10)  pour  le  cat  d'une  rappe  avec  dpaiaaeur  faibla.  Celui-ci  a  utilise  la  adthode  de  Chriatianaen  (Ilf et  on 
peut  observer  sur  cee  rdsultets  des  ddferlensnta  secondaires  c ©sparables  ft  caux  qua  nous  ob tenons . 

La  figure  4  prdaente  jb  calcul  d' ioatabilitd  de  type  Kelvin-Helmboltt .  11  a'agit  Id  d'un  probldas  pdriodique 
pour  1 equal  la  diatribution  initial#  de  tourbillon  est  donnda  par  : 

oft  X  aat  la  pdriods,  at  X  la  direction  de  pdriodicitd.  On  peut  calculer  la  vitesaa  correspoodant  d  un 
probldaw  pdriodique  d  une  dianeeion  d' espace  par  taa  formula  aaalytique.  Pour  la  vitesaa  induite  au  point 
(0,0)  par  une  file  de  tourbillooe  de  caractdrietiquee  t  ♦  ,  U*  at  £  m  dtant  urn 

vecteur  unitaira,  on  a  :  **  * 


I 


e-f»_  e** 

e*t,+  e*lt  ♦**«»  *• 


-*1*  e  *■»_  t  ♦  4  »i«S 


II  faut  remarquer  que  ces  formulas  ne  tout  utilities  que  pour  le  calcul  de  la  premidre  hidrarchie  de 
tourbillona.  En  effet,  on  a  fait  l'hypothdse  que  l'dcoulement  interne  d'une  structure  n'dtait  pas  influence 
par  ses  voisines,  et  done  a  fortiori  par  celle  situde  4  une  distance  fcA  ,  l  G  2i  .  On  peut  comparer 
sur  la  figure  (4)  lea  effets  obtenus  pour  1,  2  et  3  hidrarchie*  prdsente*  dans  le  calcul.  On  remarque  en 
particulier  qu'un  plus  grand  nombre  de  niveaux  accentue  notablement  le  taux  d'enrouletnent  ce  qui  peut  Stre 
obtenu  aussi  en  augmentant  le  no^>re  de  narticules  pour  un  niveau  unique.  Par  ailleurs,  on  observe  une 
dissymdtrie  marqude  entre  les  deux  coeurs  tourbillonnaires  qui  est  due  4  la  superposition  d'une  perturbation 
A  la  distribution  initiale  de  tourbillon,  et  est  comparable  &  ce  que  l'on  peut  observer  pour  des  dcoulementa 
turbulents . 


6  -  CONCLUSION  - 

Les  rdsultats  de  quelques  calculs  prdliminaires  senblent  indiquer  de  bonnes  propridtds  de  la  mdthode  pour 
reprdsenter  dea  dcoulencnts  turbulents .  Une  dtude  thdorique  rdeente  de  Chong,  LIM  et  Perry  fondde 

sur  un  principe  voisin,  aais  dcrit  dans  l'espace  des  nombres  d'ondes,  nous  permet  d'espdrer  de  bonnes 
performances  de  notre  mdthode  pour  les  dcoulementa  cisaillds  type  couche  de  mdlange,  et  surtout  pour  moddli- 
*er  le  phdnomdne  coaplexe  du  "bursting".  Nous  avons  prdsentd  l'algorithme  de  calcul  dans  le  cadre  plus 
gdndral  des  dcoulements  tridimensionnels ,  L'une  des  caractdristiquea  intdressantes  de  la  mdthode  semble 
dtre  la  moddlisation  directe  de  la  ddforaation  et  de  l'dtirement  des  filaments  tourbillonnaires.  11  s'agit  14 
d'un  des  mdcanismes  fondamentaux  de  la  turbulence  tridimensionnelle ,  et  cet  dldment,  allid  aux  bonnes 
propridtds  observde*  dans  les  experimentations  numdriques  en  dcoulement  plan  doit  nous  permettre  d'aborder 
maintenant  les  probldmes  rdellement  tridimensionnels. 
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SUMMARY 

The  Euler  equations  have  been  established  as  an  appropriate  model  for 
inviscid  vortex  flow.  This  paper  demonstrates  the  range  of  this 
model's  applicability  by  presentation  of  flowfields  computed  around  a 
number  of  different  wings  with  either  sharp  or  rounded  edges  and  at 
subsonic,  transonic,  and  supersonic  speeds.  The  emphasis  here  is  on 
the  physics  of  the  flow  model  rather  than  the  numerical  aspects  of 
the  solution  method.  The  results  display  both  expected  as  well  as 
unexpected  vortex  phenomena  and  they  indicate  the  value  of  this  com¬ 
putational  tool.  Particular  attention  is  paid  to  the  wake  regions.  __ 

IX 


INTRODUCTION 

Vortex  phenomena  prevail  in  the  flow  around  all  wings.  The  common  numerical  methods 
for  the  simulation  of  subsonic  as  well  as  transonic  flow  around  wings  incorporate  classi¬ 
cal  wing  theory  into  the  computation  of  a  velocity  potential  and,  as  part  of  the  sol¬ 
ution,  solve  for  the  vortex  sheet  which  is  positioned  at  a  fixed  spatial  location  trail¬ 
ing  the  wing.  It  is  the  inclusion  of  this  sheet  that  enables  an  irrotational  model  to 
arrive  at  a  realistic  value  for  lift  and  induced  drag.  This  potential  theory  fita  well 
flow  past  relatively  straight  wings  of  high  aspect  ratio  which  can  be  regarded  as  essen¬ 
tially  two-dimensional  and  irrotational  (Pig.  1)  in  character  over  much  of  the  span.  The 
predominantly  three-dimensional  region  near  the  tip,  however,  possesses  a  wrt«x  struc¬ 
ture  more  complex  than  the  simplified  trailing  vortex  sheet  of  the  classical  theory  and 
rather  similar  in  nature  to  the  type  found  at  the  leading  edge  of  a  highly  swept  slender 
wing.  This  vortex  tends  to  reduce  the  pressure  directly  under  it  which  leads  to  local 
suction  on  the  upper  surface.  A  well -structured  vortex  phenomenon  like  this  has  a  funda¬ 
mental  interest  of  its  own  and,  with  increasing  sweep  and  decreasing  aspect  ratio,  it 
also  begins  to  assume  much  greater  practical  importance  because  it  contributes  to  lift 
and  drag.  Since  vortices  are  singular  solutions  to  the  potential  equation,  the  usual 
potential  methods  for  large  aspect  ratio  wings  cannot  readily  model  this  more  detailed 
structure.  For  slender  wings  of  low  aspsct  ratio  a  number  of  potential  methods  (see  Pig. 
2  together  with  the  discussion  by  Hitsel* )  do  allow  the  vortex  sheet  to  roll  up  es  a  way 
to  model  the  free -vortex  layer  in  this  type  of  flow.  But  these  methods  are  limited  by 
other  restrictions,  for  example,  thin  wings  of  rslstively  simple  geometry  and  incompress¬ 
ible  subsonic  flow.  A  mathematical  model  more  general  than  the  potential  one  and  appli¬ 
cable  throughout  the  entire  transonic/supersonic  speed  range  is  the  compressible  Euler 
equations  because  flow  with  distributed  vorticity  is  an  admissible  solution,  and  vortex 
structure  can  be  captured  in  the  computed  field  in  a  way  very  similar  to  the  capturing  of 
shock  waves.  Several  three-dimensional  flow  axamplss  ha  vs  already  been  calculated,  and 
the  results  support  the  initial  feasibility  of  this  approach.  Indeed  leading  edge  separ¬ 
ation  from  a  delta  wing  is  obtainsd  in  thase  computed  solutions  even  without  the  use  of  a 
Kutta  condition.  This  brings  us  to  tha  next  stage  of  development  and  the  subject  of  this 
paper  -  a  study  of  the  range  of  applicability  and  an  assessment  of  the  degree  of  reeliem 
exhibited  by  a  number  of  newly- computed  solutions  to  the  Euler  equations  simulating  vor¬ 
tex  flows  around  wings. 


OUTLINE  Of  METHOD 


Development  of  a  method  to  solve  the  3D  Euler  equations  was  initiated  by  Dornier  GmbH 
over  5  years  ago  and  has  continued  sines  than  as  s  cooperative  effort  by  Dornier,  PFA, 
and  Professor  A.  Jameson  at  Princeton2"5.  It  is  a  time -dependent  finite-volume  approach 
that  uses  multistage  explicit  time  integration  sdhemes  together  with  centered  space  dif¬ 
ferences  to  solve  the  otMpressibie  Euler  equations 
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in  each  cell  ijk  of  the  mesh  where  [p.pu.pv,  pw)  ^  has  elements  of  mass  and 
Cartesian  components  of  momentum  and  H(q)*£=  {qV  +  (0,ex,ey,gz  )p} •£  is  the  vector  flux  of 
q  across  the  surrounding  cell  surfaces.  Significant  features  of  this  approach  are  its 
integral  conservation- law  form,  important  for  the  correct  capturing  of  shock  waves  and 
vortex  sheets,  its  amenability  to  very  general  geometry  without  the  need  for  a  global 
coordinate  transformation,  and  its  toleration  of  mesh  singularities  because  the  flow 
equations  are  balanced  only  within  the  cells  of  the  grid6,  and  not  at  the  nodal  points* 
Different  models  for  artificial  viscosity,  treatment  of  boundary  conditions,  as  well  as 
time  integration  schemes  for  Eq.  (1)  have  all  been  investigated,  but  since  these  matters 
are  of  secondary  interest  to  the  present  purpose  we  do  not  further  elaborate  on  them 
here*  What  is  worth  commenting  on,  however,  is  that  flows  computed  with  the  time-depen- 
dent  Euler  equations  are  found  to  separate  from  the  leading  edge  of  a  sharp  delta  wing  at 
angle  of  attack,  and  perhaps  more  surprisingly  even  from  the  smooth  tip  of  a  trapezoidal 
wing  —  all  without  the  use  of  a  Kutta  condition.  Such  observations  of  the  solutions 
obtained  by  time-marching  methods  stand  in  contrast  to  those  experienced  with  space¬ 
marching  methods  where  evidently  separated  flow  is  computed  only  if  a  Kutta  condition  is 
enforced.  This  implies  a  fundamental  difference  in  these  two  different  numerical  models 
of  the  Euler  equations  which  can  be  argued  from  both  the  physical  and  mathematical  point 
of  view.  There  are  grounds  to  believe  that  the  inviscid  mechanism  that  triggers  separ¬ 
ation  involves  the  time-dependent  compressibility  aspect  of  the  Euler  equations4,  which 
of  course  is  not  included  in  the  strictly  steady  equations.  We  can  also  see  a  major  dis¬ 
tinction  in  the  mathematical  behavior  of  these  two  systems  by  a  comparison  of  their  res¬ 
pective  dependence  on  initial  and  boundary  conditions.  The  largest  disparity  in  sensiti¬ 
vity  appears  evidently  in  the  respective  boundary  conditions  on  the  wing  surface.  With¬ 
out  a  Kutta  condition  the  Bpace -inarching  methods  yield  attached  flow  around  even  sharp 
edges,  but  give  the  entirely  different  result  of  separated  flow  as  soon  as  a  Kutta  con¬ 
dition  is  set  at  just  one  point  on  the  wing.  Compare  this  to  our  experiment  with  three 
variations  of  the  wing  boundary  condition  (of  which  one  included  a  Kutta  condition)  that 
showed  a  very  minor  effect  on  the  solution  of  separated  flow7 .  Such  findings  speak  for  a 
major  difference  between  these  two  mathematical  systems* 


COMPUTED  EXAMPLES 

The  grids  around  the  trapezoidal  and  delta  wings  are  0-0  type  generated  by  Eriksson's 
transfinite  interpolation  software  package8  whereas  the  grid  around  the  arrow  wing  was 
constructed  by  the  Dornier  program9 . 


OMERA  M6  Wing  M„-  0.84  a»  3.0^ 

We  choose  to  present  results  computed  for  this  wing  of  intermediate  aspect  ratio  to 
demonstrate  the  overall  applicability  of  the  method  not  only  because  it  has  become  a 
standard  test  example  but  primarily  because  experiments  have  revealed  the  presence  of  a 
significant  vortex  above  the  wing  tip.  Flow  expands  from  the  high  pressure  of  the  lower 
surface  around  the  tip,  separates,  and  rolls  up  to  form  a  tip  vortex  in  much  the  same  way 
as  the  leading  edge  vortex  develops  on  a  low  aspect  ratio  delta  wing.  The  situation  is 
pictured  schematically  in  Fig.  1.  Inboard  over  most  of  the  span  the  flow  is  expected  to 
be  irrotational  and  nearly  two  dimensional.  This  region  of  the  flow  has  been  simulated 
many  times  before  and  very  accurately  ty  potential  flow  methods.  Our  interest  here  is  to 
focus  on  the  tip  region  in  order  to  determine  whether  or  not  the  Euler-equation  model  is 
able  to  capture  the  rotational  flow  there  with  some  degree  of  realism. 

Containing  96*20x20  cells  our  grid  is  an  0-0  type  that  wraps  smoothly  around  the  tip 
with  a  cell  density  sufficient  to  resolve  the  details  of  the  flow  there.  In  order  to 
grasp  the  nature  of  the  results  we  must  survey  the  computed  solution  by  means  of  a  series 
of  contour  maps  not  only  on  the  wing  surface  itself  but  out  in  the  field  as  well.  An 
overall  impression  of  the  pressure  field  around  the  wing  from  root  to  tip  is  illustrated 
in  Fig.  3  by  isobar  maps  in  4  selected  chordwise  grid  surfaces  (nonplanar)  that  depict 
the  familiar  expans ion /compress ion  phenomenon  near  the  leading  and  trailing  edge  v.  well 
as  the  formation  of  the  lamda  shock.  These  features  are  brought  out  even  -  distinctly 
by  the  isobar  contours  on  the  upper  wing  surface  (Fig.  4)  together  with  the  usual  sec¬ 
tional  chordwise  plots  of  C  in  Fig.  5.  At  the  tip  Fig.  4  further  indicates  by  the  co¬ 
alescence  of  contour  lines  the  stem  of  the  lamda  shock  just  aft  of  the  leading  edge  as 
well  as  a  local  region  of  high  compression  at  the  trailing  edge  of  the  tip.  Although 
novel  for  this  type  of  wing,  sectional  spanwise  plots  of  Cp  are  the  best  way  to  view  this 
detail.  Figure  6  contains  three  such  sections  (fore,  midT  and  aft  chord)  together  with 
the  usual  experimental  values  plotted  in  this  uncommon  manner.  Inboard,  reflecting  the 
two-dimensional  character  of  the  flow,  the  pressure  varies  only  Slav,  ly  with  span  until 
the  tip  approached.  There  locally  in  this  intriguing  region  we  see,  and  this  is  confirmed 
by  the  measurements,  a  small  amount  of  negative  lift  being  produced  in  section  x/c  - 
0.28,  which  then  changes  to  a  positive  contribution  to  lift  in  the  next  two  sections  x/c 
-  0.68  and  0.87.  Similar  to  the  pressure  distribution  on  a  delta  wing,  these  figures  lead 


21-3 


one  to  suspect  separating  vortex  fi»  A  survey  of  the  vorticity  field  by  4  contour  naps 
(Fig.  7)  of  the  vorticity  magnitude  j 0 1  *  [curl  y|  in  the  field  around  the  wing  tip  con¬ 
firms  the  existence  of  rotation *1  flow  local  to  that  region.  The  trace  (Fig.  8)  of  these 
contours  on  the  upper  surface  ot  the  wing  shows  more  clearly  that  the  greatest  amount  and 
largest  magnitude  of  vorticity  is  generated  at  the  leading  and  trailing  tip  corners. 
Although  curiously  enough  there  is  a  small  amount  of  vorticity  along  part  of  the  leading 
es  well  as  the  trailing  edge,  the  latter  probably  diffused  upstream  from  the  trailing 
vortex  sheet.  The  leading  edge  vorticity  is  more  difficult  to  explain.  It  is  a  region 
where  the  flow  changes  rapidly,  gradients  are  large  and,  we  believe,  that  this  level  of 
vorticity  is  an  expression  of  the  combined  truncation  error  and  artificial  viscosity 
there.  Of  course  the  same  reasoning  holds  at  the  tip,  but  the  much  higher  magnitude  and 
general  physical  character  suggest  that  although  the  artificial  viscosity  may  initially 
inject  some  vorticity  it  is  the  prevailing  flow  pattern  that  determines  whether  this 
initial  amount  is  amplified  or  diminished. 

The  wake  is  another  region  of  interest,  and  the  behaviour  of  the  trailing  vortex  is 
shown  in  Fig.  9  by  4  contour  maps  of  |Q|  in  surfaces  that  cut  through  the  wake  spanwise, 
one  just  2%  of  the  root  chord  behind  the  trailing  edge  and  the  others  further  downstream. 
In  the  first  we  see  a  small  but  clearly  developed  tip  vortex  and  a  rather  strong  vortex 
sheet  spanning  the  trailing  edge  (a  portion  of  the  map  is  cut  away  to  reveal  the  trailing 
edge  for  a  position  reference).  As  it  moves  downstream  the  vortex  grows  in  sixe  being  fed 
by  the  decrease  in  vorticity  across  the  trailing  edge  sheet.  Also  as  expected  the  vortex 
sheet  rises  above  the  wing  plane  and  the  tip  vortex  drifts  inboard.  At  the  150%  station 
behind  the  trailing  edge  it  is  fully  developed.  Such  wake  phenomena  are  a  good  test  of 
the  numerical  method.  We  remark  that  our  artificial  viscosity  model  does  not  unduly  smear 
out  the  vortex  sheet  at  the  trailing  edge.  Although  probably  diffused  on  the  rapidly 
expanding  mesh,  the  vorticity  contour  is  not  at  all  distorted  at  the  450%  station  which 
is  the  station  nearest  to  the  downstream  boundary,  and  an  indication  that  our  nonreflect¬ 
ing  farfield  boundary  conditions  are  able  to  handle  even  this  case  of  a  vortex  leaving 
the  field. 


Sharp-edged  70°  Swept  Delta  Wing 

We  treat  two  cases  of  flow  past  a  delta  wing  whose  chordwise  sections  are  6%  thick 
circular  arcs  and  whose  leading  edge  is  swept  7 <f  and  is  subsonic.  In  the  first  oase  the 
wing  is  immersed  in  a  subsonic  stream  Mw-  0.70  and  a*  15°  and  in  the  second  a  supersonic 
stream  1.5  and  a*  1^  .  The  mesh  used  is  an  0-0  type  consisting  of  65  nodes  around  the 
semispan  section,  15  on  both  the  upper  and  lower  chord  sections,  and  21  from  the  wing 
outward  to  the  far  boundary.  Because  of  the  high  angle  of  attack  vortex  flow  is  expected, 
and  for  the  case  ^ ■  0.7,  Fig.  10  presents  contour  lines  of  computed  vorticity  magnitude 
|ol  in  3  selected  spanwise  grid  surfaces  (nonplanar)  that  clearly  reveal  the  flow  separ¬ 
ating  from  the  leading  edge  and  rolling  up  to  form  a  vortex  over  the  upper  surface  of  the 
wing.  In  a  similar  view,  but  this  time  for  isobar  contours.  Fig.  II  shows  the  low  press¬ 
ure  region  centered  about  the  core  of  the  vortex.  The  presence  of  the  vortex  is  felt  as  a 
pressure  trough  (suction  peak  in  terms  of  Cp)  in  the  isobars  an  the  wing  surface  in  Fig. 
12  with  the  maximum  depression  located  mid-chord  and  just  inboard  of  the  leading  edge. 
The  pressure  measured  experimentally  in  the  80%  chord  station  indicates,  however,  that 
the  maximum  suction  attained  in  the  computations  at  the  forward  section  should  extend 
downstream  to  at  least  this  station  and  be  slightly  further  inboard.  The  overall  agree¬ 
ment  though  is  encouraging.  Furthermore  it  is  intriguing  to  take  the  middle -sect ion  plot 
of  vorticity  from  Fig.  10  and  examine  it  in  an  enlarged  view  in  Fig.  13,  where  the  curi¬ 
ous  structure  in  the  vorticity  field  between  the  leading  edge  and  the  core  of  the  prisnry 
vortex  might  suggest  the  presence  of  a  secondary  vortex. 

The  development  of  the  wake  is  revealed  by  contour  maps  of  |q|  in  a  number  of  span- 
wise  surfaces.  The  first  (Fig.  14)  is  highly  curved  and  cuts  through  the  wake  just  behind 
the  trailing  edge.  We  sea  hare  two  vortex  phenomena,  the  vortex  sheet  from  the  leading 
edge  that  forme  the  primary  vortex  over  the  wing  and  the  vortex  sheet  leaving  the  trail¬ 
ing  edge  that  begins  to  roll  up  into  a  wake  vortex.  In  the  next  view  (5%  behind  the 
trailing  edge)  these  two  vortices  interact  and  than  marge  (20%)  into  one  oblong  trailing 
vortex  (125%). 

The  solution  for  the  second  flow  past  the  delta  wing  l.S  a-  15°  is  displayed  in  a 
similar  series  of  figures.  The  vorticity  magnitude  contours  (Fig.  15)  indicate  the  pre¬ 
sence  of  the  primary  vortex,  but  are  more  flattened  than  the  corresponding  ones  for  the 
flow  with  N  ■  0.7.  The  isobar  contours  (Fig.  16)  also  are  different  in  that  a  much 
stronger  expansion  fan  is  centred  at  the  sharp  leading  edge.  The  flow  compresses  in  the 
windward  aide  of  the  field  and  then  expands  around  the  leading  edge.  Isobar  plots  (Fig. 
17)  in  the  plane  of  symmetry  depict  a  bow  shock  wavs  on  the  windward  side  very  near  the 
apex,  evidently  the  expansion  around  the  leading  edge  la  so  strong  that  the  bow  wave 
disappears  on  the  leeward  side.  A  tail  shock  develops,  however,  at  the  upper  trailing 
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edge.  Isobars  on  the  upper  wing  surface  are  given  in  Pig.  18  and  show  a  low  pressure 
trough  under  the  primary  vortex.  At  the  80%  chord  station  the  spanvise  comparison  of 
computed  and  measured  pressure  coefficient  suggests  that  a  good  deal  of  realism  is  achie¬ 
ved  by  the  numerical  model.  Contours  of  constant  TOrticity  magnitude  and  Mach  number  (Fig 
18)  point  out  the  rapid  changes  that  take  place  along  the  leading  and  trailing  edges. 

Contour  maps  of  Q  in  a  number  of  spanvise  surfaces  that  slice  through  the  wake  are 
presented  in  Fig.  19  and  are  similar  to  those  for  the  M-  0.7  case  in  the  way  that  a 
double  vortex  system  develops  out  of  the  leading  edge  vortices.  But  this  case  differs 
slightly  in  that  these  two  distinct  vortices  persist  above  the  wing  further  downstream 
(20%)  before  merging  into  a  single  vortex  (125%). 


Arrow  Wing 

Figure  20  gives  a  survey  of  the  pressure  distribution  of  the  arrow  wing  configur¬ 
ation.  Two  different  leading -edge -forms  (sharp  and  round)  and  a  subsonic  and  a  transonic 
Mach-number  are  presented.  The  effect  of  compressibility  is  clearly  shown  by  the  reduced 
auction  peak  in  comparison  to  Figs.  20a  and  b  and  the  effect  of  the  sharp  leading-edge  is 
represented  by  a  considerably  higher  suction  peak  (Fig.  20c )*  compared  to  the  lower  ones 
at  the  round  leading-edges  (Figs.  20a,  b).  The  last  ones  also  exhibit  a  smaller  peak  along 
the  edge  which  can  be  seen  from  the  experimental  results  too10.  Also  Figs.  21  allow  a 
direct  comparison  with  the  experimental  results.  The  semi -span  separation  is  reproduced 
in  Fig.  22  from  the  isobars  of  the  arrow-wing  with  the  round  leading-edge  exposed  to  8 
degrees  angle  of  attack.  The  comparison  of  the  computed  results  are  very  well  in  agree¬ 
ment  with  experimental  results.  As  the  leading-edge  is  not  sufficiently  sharp  enough  at  8 
degrees  angle  of  attack,  the  flow  persists  to  separate  from  the  front  part  as  it  is  doing 
at  higher  incidence.  At  the  lower  incidence  the  typical  isobar  pattern  for  separation  is 
visible  only  at  the  rear  part  of  the  wing,  while  at  16  degrees  the  same  pattern  la  found 
everywhere  along  the  leading-edge,  as  it  is  found  more  pronounced  at  very  high  inci¬ 
dence. 

Figure  23  depicts  the  velocity-vectors  for  different  crossflow-planes.  Now  it  is  easy 
to  understand  the  good  agreement  of  experimental  and  theoretical  lift  coefficients  (Fig. 
24).  We  finally  note  that  even  Hunmels11  trailing  edge  vortex  ia  modelled  by  the  proce¬ 
dure  (Fig.  25). 


CONCLUDING  REMARKS 

We  have  presented  computed  results  for  several  cases  of  flow  separating  with  a  free 
shear  layer  at  an  aircraft  edge.  The  comparison  of  these  computations  with  msasurements 
made  experimentally  as  well  as  with  what  can  be  reasoned  qualitatively  about  the  physics 
of  the  flows  serve  to  establish  the  realism  that  is  obtained  with  this  Euler-equation 
model.  Even  without  the  use  of  a  Kutta  condition  the  range  of  >mlidity  of  the  model  in¬ 
cludes  casss  Where  the  flow  separates  from  edges  that  are  not  strictly  sharp.  We  believe, 
however,  that  if  the  computed  results  are  to  be  realistic  the  local  radius  of  curvature 
must  be  small  In  order  that  the  shear-layer  character  and  gross  features  of  the  real  flow 
are  by  and  large  insensitive  to  Reynolds  number  and  therefore  possible  to  represent  by 
inviscid  equations  that  include  a  small  amount  of  artificial  viscosity. 
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FIG.  I  GENERAL  FEATURES  OF  THE  FLOWS.  A  FREE  SHEAR  LAYER  SEPARATES 
FROM  THE  TIP  AND  LEADING  EDGE  AND  ROLLS  UP  INTO  A  VORTEX. 
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SUMMARY 

method  is  described  for  incorporating  line  vortices  into  the  three  dimensional  compressible  Potential 
Flow  equation.  A  modified  Biot-Savarl  law  is  used  to  compute  a  vortical  velocity  field,  which  is  added 
to  the  gradient  of  the  potential  to  form  a  total  velocity.  A  rapidly  converging  Approximate  Factorization 
(AFZ)  scheme  is  then  used  to  compute  a  potential  such  that  the  modified  Potential  Fiow  equation  as  well 
as  the  appropriate  boundary  conditions,  based  on  total  velocity,  are  satisfied.  As  part  of  a  coupled  iteration 
procedure,  the  positions  of  the  line  vortices  are  computed  so  that  they  convect  with  the  total  flow. 

The  method  is  used  to  compute  the  field  due  to  a  single  line  vortex  converting  past  a  wing  .  This 
represents  an  approximation  of  the  effect  of  a  canard  or  other  lifting  surface  ahead  of  the  wing,  which  sheds 
a  tip  vortex.  It  can  be  seen  that  the  flow  field  is  substantially  modified  by  the  passage  of  the  vortex. 

Unlike  Euler  equation  schemes,  which  could  also  be  used  to  compute  these  flows,  our  solutions  exhibit 
no  numerical  diffusion:  The  convected  vortices  retain  their  initial  upstream  width.  Euler  solutions,  on  the 
other  hand,  involve  a  vorticity  which  is  numerically  convected  in  an  Eulerian  frame  and,  unless  extensive 
adaptive  grid  refinement  is  used  they  result  in  vortices  which  spread  as  they  convect.  Also,  the  Potential 
Flow  method  requires  approximately  two  orders  of  magnitude  less  computing  time  and  much  less  computer 
storage  than  the  Euler  methods.  ,, 

1.  INTRODUCTION  'X 

An  important  problem  in  computational  aerodynamics  consists  of  determining  the  effect  of  a  vortex 
converting  pasi  a  lifting  surface.  Examples  include  vortices  produced  by  the  tip  of  a  canard  or  by  leading 
edge  separation  at  a  strake  converting  past  a  wing,  or  tip  vortices  produced  by  a  helicopter  rotor  blade 
converting  past  another  blade.  These  effects  are  especially  important  in  transonic  flow  with  shock  waves, 
where  the  vortex  can  cause  large  movements  of  the  shock  and  large  changes  in  lift  and  drag. 

Numerical  methods  for  solving  transonic  flow  problems,  in  the  inviscid  region  exterior  to  boundary 
layers,  usually  involve  either  the  Euler  or  the  Potential  Flow  equations.  The  Euler  equations  can  treat  flow 
with  vorticity,  but  concentrated  vortex  lines  or  sheets  spread  when  convected  due  to  numerical  diffusion, 
even  when  moderate  amounts  of  grid  compression  are  usedl'I.  Besides  this  problem,  which  involves  a  grid 
that  must  adapt  to  the  Sow,  Euler  equations  are  expensive  to  solve,  requiring  about  two  orders  of  magnitude 
more  computing  time  than  Potential  Flow  solutions  for  the  same  problem. 

In  this  paper  we  describe  a  method  for  incorporating  vortices  into  the  Potential  Flow  equations.  It  is 
conceptually  and  practically  very  similar  to  methods  used  to  incorporate  vortices  into  incompressible  flow 
problems!3!.  There,  the  basic  fiow  Is  described  by  Laplace's  equation  and,  because  of  the  linearity,  the 
velocity  field  due  to  a  set  of  vortices  can  be  added  to  the  basic  flow  without  the  vortex.  In  problems  such  as 
ours  the  vortex  trajectory  depends  on  the  total  flow  and,  in  general,  an  iterative  procedure  must  be  used  to 
compute  a  steady  solution  where  the  vortices  are  convected  with  the  Sow,  even  in  the  incompressible  case. 

2.  GOVERNING  EQUATIONS 

The  basic  method  for  compressible  flow  involves  defining  the  total  velocity  to  be  the  sum  of  the  potential 
flow  and  that  due  to  the  convective  vortices  (|.),  exactly  as  in  the  linear  problem.  Separating  out  the 
frec-stream  velocity,  we  have, 

?  =  (!;)  =  **  +  ?oc+?. 

The  Potential  Flow  equation,  which  expresses  conservation  of  mass  for  irrotational  flow  and  is  accurate 
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for  regions  outside  of  the  vortices,  is, 

».(/>«)  +  dj,pv)  +  djjno)  =  0  (1) 

with  the  isentropk  relation  for  density, 

-«r 

In  this  equation  7  is  the  ratio  of  specific  heats,  Mcc  the  free-stream  Mach  number,  and  the  density,  />, 
and  velocity  are  normalized  to  unity  at  the  sonic  line. 

The  boundary  conditions  imposed  on  9  are  that  it  be  tangent  at  material  surfaces  and  approach  9<»  +  ?» 
in  the  far  field.  These  will  be  enforced  in  the  potential  solver,  which  computes  0.  There,  the  normal 
derivative, 

dnt  =-(?„+  U. 

on  surfaces, 

8,0-0 

on  the  donwstream  boundary,  where  x  is  in  the  direction  of  the  free-stream,  and 

0-0 

on  the  other  far  field  boundaries.  In  addition,  for  the  results  presented  here,  for  Bow  past  a  wing,  the  trailing 
vortex  sheet  is  computed  by  mapping  to  a  grid  surface  and  specifying  a  discontinuity  in  0  across  it  such  that 
pressure  and  normal  velocity  are  continuous.  Since  this  main  part  is  fairly  fiat,  this  treatment  is  efficient 
for  the  problems  presently  being  treated.  This  sheet  can  also  be  described  by  a  vortical  velocity,  9,  This 
modification  will  be  included  in  the  future. 

For  a  given  vortieity  distribution,  3,  9,  satisfies 

$  X  9»  =  3  .  (2) 

The  vortieity  is  determined  by  specifying  an  upstream  distribution  and  eonvecting  it  with  the  flow.  If 
the  vortieity  distribution  is  singular,  concentrated  in  lines  or  sheets,  it  is  further  required  to  spread  the 
distribution  over  several  mesh  points  to  avoid  singularities  in  the  Bow.  Unlike  the  increasing  spreading  of 
concentrated  vortieity  in  Euler  solutions,  this  spreading  does  not  grow:  The  spread  vortieity  retains  the  same 
distribution  when  convected  and  does  not  diffuse. 

In  our  scheme,  we  will  not  be  interested  in  the  flow  in  the  interior  of  the  spread  vortex  lines  or  sheets, 
which  will  be  modeled.  This  is  similar  to  the  treatment  of  shocks  in  shock  capturing  methods,  which  use  an 
artificial  viscosity  to  spread  disontiuuities.  This  has  been  pointed  out  by  Murman  and  Stremell*l,  who  are 
also  developing  methods  for  embedding  vortieity  in  potential  flow. 

These  equations  only  define  9,  up  to  the  gradient  of  a  potential,  0,.  This  arbitrariness  will  be  used 
to  simplify  computation  of  9,-  If  different  computations  of  9  were  made,  with  different  0,,  the  converged 
results  should  be  unique,  although  the  final  values  of  0  and  9,  would  be  different. 

Our  scheme,  then,  involves  the  iterative  use  of  three  steps:  First,  a  Potential  Flow  solver  is  used  to 
compute  0  with  9,  fined  such  that  9  satisfies  the  boundary  conditions.  Then,  with  0  and  9,  fixed,  a  new 
vortieity  distribution,  3,  is  computed  by  convection.  Finally,  a  vortical  velocity,  9.,  is  computed  from  3, 
with  spreading  if  3  is  singular. 

Murman  and  Stremel,  in  their  scheme,  also  convect  vorttcies.  They  then  redistribute  vortieity  among 
the  neighboring  node  points  of  their  computational  mesh  surrounding  the  vortex.  Fbllowing  this,  they  define 
a  discontinuity  in  potential  extending  from  each  of  these  nodes.  In  this  way  the  potential  function  can  be 
used  to  include  the  effect  of  the  vortices.  Their  published  results  concern  the  time-dependent  movement  of  a 
set  of  vortices  in  two  dimensions  in  free  space,  which  approximates  the  cross- plane  development  of  a  vortex 
sheet  behind  a  wing  in  incompressible  Sow.  The  extension  of  their  method  to  compressible  Sow  should  not 
he  too  difficult.  Tracing  the  discontinuities  in  three  dimensions,  however,  may  be  somewhat  complicated. 
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3.  POTENTIAL  FLOW  SOLVER 

3.1  Buie  Formulation 

The  particular  case  described  in  this  paper  Involves  flow  orer  a  wins,  although  the  technique  is  applicable 
to  more  general  geometries.  For  this  case,  a  Potential  Flow  solver  using  a  rapidly  converging  *AFZ* 
factorisation  scheme,  together  with  a  Unite  volume  discretisation  scheme  is  employed.  These  are  deacribed 
in  Ref.  [4]  and  [5]. 

First,  a  mapping  is  defined  from  physical  (x,  y,rr)  to  computational  (X,Y,Z)  coordinates.  A  set  of 
constant  z  computational  planes  are  defined  (see  Figure  1 ).  In  each  plane,  inboard  of  the  wingtip,  a  parabolic 
mapping  is  done  about  a  singular  line  (dashed  in  the  figure).  This  is  followed  by  a  shearing  and  stretching. 
The  airfoil  surface  is  thereby  transformed  to  a  segment  of  the  computational  boundary  (X-Z  plane)  bounded 
by  two  lines  representing  the  trailing  edge,  one  representing  the  tip,  and  one  the  root. 


If  the  transformations  are  represented  by  a  Jacobian  matrix  H,  eqn.  (1)  may  be  written  in  terms  of 
transformed  variables: 

Jx(thu)  +  +  jjWH*)  =  0  (*) 

where  V,  V,  and  W  are  the  contravariant  velocities,  and  k  is  the  transformation  Jacobian,  h  =  det (H).  The 
Cartesian  velocity  components,  in  terms  of  the  potential  and  added  velocities  are: 

where  only  derivatives  of  the  potential  with  respect  to  the  computational  coordinates  are  required.  The 
contravariant  velocities  may  be  written  in  terms  of  the  physical  velocities. 

©-»-(!) 


Equation  (3)  is  then  written  in  discrete  form.  Conservation  form  artificial  viscosity  terms  are  added  to  (3)  to 
provide  numerical  stability  in  the  supersonic  tones.  Additional  terms  are  added  to  the  difference  equations 
to  prevent  odd-even  decoupling  of  the  solution.  The  nonlinear  equations  to  be  solved  have  the  form 


>x(fhU  +  «>)  +  iy(phV  +  <?)  +  hipkW  +R)  =  0 


where  P,Q  and  R  are  artificial  viscosity  terms  and  <Xi 4y,4z  an  second  order  accurate  finite  difference 
operators.  Contravariant  velocities  U,  V  and  W,  are  also  computed  using  second  order  operators. 

Two  staggered  grids  are  used;  one  for  densities  and  velocities,  another  for  the  potential,  the  node 
coordinate  values  and  the  basic  Box  balance  (see  Fig.  2). 

The  formulation  is  completed  by  specification  of  the  boundary  conditions.  The  far  field  conditions  have 
been  described  above.  At  the  body  surface,  the  condition  that  the  normal  velocity  be  sero  is  V  =  0.  For 
cases  with  lift,  the  Kutta  condition  is  imposed  by  requiring  that  the  velocity  at  the  trailing  edge  be  finite. 
This  results  in  a  trailing  vortex  sheet  across  which  the  potential  has  a  jump  proportional  to  the  circulation. 
Treatment  of  the  sheet  is  simplified  by  constraining  it  to  lie  in  a  plane  {Y  »  0)  in  the  computational  space. 
This  excludes  the  effects  of  vortex  sheet  roll  up.  A  flux  balance  is  imposed  across  the  sheet  to  ensure 
continuity  of  the  normal  velocity,  V. 


3.2  Solution  Scheme 

An  AFZ  approximate  factorisation  scheme  it  used  to  rapidly  converge  to  a  solution.  At  each  iteration 
equations  are  solved  for  a  correction,  f+: 

K ax  -  fxAfxXar  -  fySfy)- owCBJ)4#*  -  owL** 

#"+l  «,*"  +  **“ 

where  d*  is  the  latest  approximation  to  the  potential  d  and  4$"  is  the  most  recent  correction.  The  operators 
< i,ax  and  ay  are  _ 

a  “  “«  + 

ox  -  a  -  Txtas^xx) 

ay  =  a  —  VyfasV^Jyy) 

where  S  Is  the  central  difcrence  operator,  Vx  is  a  backward  or  forward  difference  operator  depending  upon 
the  sense  of  the  local  low,  Vy  is  the  backward  dlflbreace  operator,  and  Eg  is  the  backward  shift  operator. 
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The  factors  oi,<»a  and  at  a re  non-zero  in  the  supersonic  zones  where  a  becomes,  approximately,  a  first-order 
up-wind  difference  operator.  The  coefficients  A,  B,  and  C  are  obtained  from  an  expansion  of  (3)  (see  [5]  for 
details)  and  hare  the  form 

B  =  pA(3'a,a  -  V3/a2) 

C  =  pA(tT,,s  -  V^/a3) 

where  G  is  the  matrix  H*H,  ffi,i,(2a,2.G3,s  are  the  diagonal  elements  of  the  inverse  of  G,  and  a  is  the  speed 
of  sound. 

The  solution  proceeds  in  the  spanwise  direction  from  one  Z  =■=  constant  plane  to  the  next.  At  each 
/f-plane,  the  algorithm  requires  solution  of 

(ax  -  eXA6x)(ay  -  iyBbyW  =  »w[id*  +  CEJ6*'].  (4) 

The  correction  id*  can  be  obtained  by  inverting  the  two  operators  on  the  left  of  (4),  the  first  of  which 
gives  rise  to  a  banded  matrix  with  bandwidth  of  5  and  the  second  to  one  with  a  bandwidth  of  4.  The 
shift  operator  Ej  introduces  a  term  on  the  right-hand  side  which  utilizes  the  newly  evaluted  corrections  in 
the  previous  span  plane.  The  basic  residual,  Ld",  is  evaluated  from  the  previous  approximation,  d",  in  all 
planes.  This  procdure  is  analogous  to  SLOR  schemes  where  new  values  are  determined  in  each  column  by 
using  new  values  computed  in  the  previous  column  and  old  values  in  the  next.  A  modal  analysis  indicated 
that  convergence  of  (4)  should  be  rapid  in  the  subsonic  zone  and  when  there  are  no  extreme  changes  in  the 
spanwise  mesh  spacing. 

A  sequence  of  values  was  employed  for  the  parameters  ao,  ai ,  o2,  and  a>.  This  had  the  effect  of  reducing 
the  error  components  corresponding  to  a  sequence  of  frequency  ranges.  Each  factor  was  multiplied  by  a 
constant  6f, t  —  1,2, ••  -, For  the  cases  reported  here,  b  —  [1,1/2, 1/4, 1/8], /.m„  =  4. 

The  important  computational  features  of  the  scheme  are  that  it  proceeds  plane-by-plane  in  the  direction 
of  increasing  Z  and  that  the  only  three  dimensional  array  stored  is  the  potential,  <t>.  In  each  plane  the  velocities 
are  computed,  the  densities  and  residuals  formed,  and  the  factorized  equations  solved  for  a  correction,  6<t> 
which  is  added  to  d- 

4.  CONVECTION  OF  A  LINE  VORTEX  PAST  A  WING 

For  this  problem,  a  line  vortex  is  assumed  to  originate  upstream  and  eonvect  past  the  wing  in  steady 
transonic  flow.  The  vortex,  then,  follows  a  streamline  with  the  vorticity  vector  parallel  to  the  local  velocity 
vector.  A  modified  Biot-Savart  law  Is  used  to  simultaneously  perform  the  necessary  spreading  and  compute 

Since  this  involves  integration  over  the  vortex  line  for  each  velocity  computation,  which  must  be  done 
at  each  node  point,  if  a  large  number  of  vortices  were  to  be  followed  the  ?,  calculations  could  require  much 
of  the  computing  time.  For  these  cases  other  methods  of  computing  are  being  investigated  which  will  not 
have  a  significant  impact  on  the  total  computing  time.  For  the  present  case  of  a  single  vortex  the  scheme 
described  here  is  entirely  adequate. 

The  equation  for  computed  at  point  T,  is, 

where  s  is  a  parameter  along  the  vortex,  f,(s)  the  vortex  position,  T  the  integrated  strength  or  eirculatioa 
and  it  is  a  line  element  along  the  vortex.  Also, 

«=.  max(|  r-  %(*)|,o) 

where  a  is  a  constant.  This  results  in  solid  body  rotation  for  |  r  —  ?,  |<  a  and  the  velocity  due  to  a  line 
vortex  for  |  f  —  f.  |  >  a. 

After  compulation  of  d,  a  set  of  values  of  t,  must  be  computed  along  the  vortex.  For  constant  step 
sire,  As.  the  equation  for  f,  is 

M»  -f  As)  -  M»)  +  Asflf,) 

To  generate  this  sequence  of  values  of  f.  It  1s  necessary  to  determine  which  computational  ceil  each 
vector  is  in  and  compute  an  interpolated  value  of  ff(r,)  using  values  of  f  at  corners  of  that  cell  A  simple 
test  on  !  determines  the  plane,  or  k  index  of  the  ceO.  The  other  indices  require  tests  on  the  cross  products 
between  vectors  from  the  coram  of  the  cell  and  f,  and  vectors  between  adjacent  corners.  For  example,  if 
the  current  Ms)  were  in  cell  (ij)  a  test  that  It  had  crossed  into  cell  (i-f  l,»  upon  integration  over  one  step 
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is  that  the  cross  product, 


‘  fft+i —  *»-Hj+i)  *  (T»W —  ^>+i.)+i) 


changes  sign  (becomes  positive).  Similar  cross  products  are  monitored  for  each  of  the  other  three  sides.  For 
these  computations  values  of  f  averaged  over  neighboring  constant  z  planes  are  used,  since  the  mappings, 
and  hence  the  coordinates  may  vary  from  plane- to-plane. 

If  the  entire  vortex  were  between  two  constant  r  planes,  it  could  be  integrated  when  the  factorised 
scheme  was  being  used  to  compute  the  velocities  in  those  planes.  Also,  if  it  only  crossed  planes  in  the 
increasing  z  direction,  it  could  be  integrated  in  one  complete  factorisation  sweep.  A  special  scheme  is 
required  to  compute  general  vortex  trajectories  without  requiring  storage  of  any  more  velocities  than  the 
basic  factorization  scheme. 

Once  the  set  of  ?„'s  are  computed,  the  factorisation  scheme  is  used  to  update  the  potential.  At  each 
node  point,  when  $</>  is  computed  the  summation  over  the  vortex  line  elements  defined  by  equation  (5)  is 
done  to  compute  Since  the  computation  of  the  Vs  is  inexpensive,  it  is  done  during  each  factorization 
sweep. 

An  important  point  is  that  the  computation  of  is  considerably  simplified  by  not  enforcing  tangency 
boundary  conditions  at  material  surfaces.  This  is  exactly  analagous  to  adding  the  free-stream  velocity, 
which  also  does  not  satisfy  tangency  conditions. 


5.  RESULTS 

The  first  case  computed  involved  a  line  vortex  pasting  near  a  Lockheed  swept  wing  at  mid-span.  The 
wing  had  a  1.5*  angle  of  attack  and  .82  Mach  number.  In  Figure  3  the  solid  line  represents  the  z  -  y 
projection  of  the  center  of  a  vortex  with  circulation  .05.  It  also  represents  the  new  position  of  the  streamline 
in  the  presence  of  the  vortex.  The  computational  grid  is  also  plotted  in  the  figure.  This  grid  consists  of 
64  x  8  x  16  cells.  In  Figure  4  the  Cr  distribution  for  a  sequence  of  span  stations  is  given  with  no  vortex 
present.  The  same  distributions  are  presented  in  Figure  5  in  the  presence  of  the  vortex.  It  can  be  seen  that 
the  vortex  has  a  significant  effect.  The  Cr  distributions  at  the  station  just  inboard  of  midspan  are  presented 
in  Figure  6.  The  lift,  was  increased  by  31%  near  midspan.  Similar  results  were  found  over  much  of  the  wing 
and  the  total  lift  increased  by  16%  and  the  drag  by  14%.  In  Figure  7,  the  decay  of  the  average  residual  in 
the  potential  solver  is  plotted  as  a  function  of  number  of  iterations,  for  solutions  with  and  without  a  vortex. 
It  can  be  seen  that  the  vortex  did  not  effect  convergence  very  much. 

The  second  case  computed  involved  a  more  concentrated  vortex  passing  very  near  a  straight  wing  at 
mid-span.  The  wing  had  an  NACA  0012  cross  section  with  an  aspect  ratio  of  8,  at  zero  angle  of  attack  and 
.72  Mach  number.  This  case  is  similv  to  the  one  computed  in  Ref.  1  using  the  Euler  equations.  In  Fig.  8 
the  dashed  line  represents  the  z  —  y  projection  of  a  streamline  for  flow  without  a  passing  vortex.  The  solid 
line  represents  the  center  of  a  vortex  with  circulation  .05  which  coincides  with  the  streamline  upstream.  It 
also  represents  the  new  position  of  the  streamline  in  the  presence  of  the  vortex.  The  computational  grid  is 
also  plotted  in  the  figure.  This  grid  consists  of  128  x  32  X  32  cells.  The  parabolic  mapping  was  modified  to 
maintain  court  ant  cell  width  near  the  wing.  The  z  —  i  projection  of  the  two  lines,  together  with  the  wing  are 
plotted  in  Fig.  9.  The  width  of  the  vortex  is  .05  chord.  In  Fig.  10  the  Cr  distribution  for  a  sequence  of  span 
stations  Is  %iven  with  no  vortex  present.  The  same  distributions  are  presented  in  Fig.  11  in  the  presence 
of  the  vortex.  It  can  be  seen  that  the  vortex  has  a  significant  effect.  The  C,  distributions  just  inboard  of 
mid  spaa  are  presented  in  Fig.  12.  The  spaa  station  inboard  of  the  vortex  developed  a  lift  coefficient  of 
+.11,  aad  that  outboard,  -.07.  (There  were  16  spaa  stations  on  the  wing).  Although  the  induced  lift  was 
significant  at  these  spaa  stations,  there  was  almost  complete  cancellation  over  the  entire  wing  and  the  total 
induced  lift  eoefikieat  was  only  +.009. 

6.  CONCLUSION 

A  scheme  has  been  presented  for  Incorporating  vortices  into  a  steady  transonic  Potential  Flow  calcula¬ 
tion  ft  allows  the  representation  of  a  concentrated  vortex  without  the  numerical  diffusion  which  would 
occur  If  the  Euler  equations  were  used.  For  one  case,  the  convection  of  a  tingle  vortex  past  a  wing  in  near 
transonic  low,  the  lift  was  increased  by  16%  aad  the  drag  by  14%  when  the  vortex  was  Included.  Another 
case  involved  a  concentrated  vortex  pasting  very  near  a  wing.  Even  with  grid  refinement  this  presented  a 
problem  for  an  Euler  scheme  due  to  numerical  diffusion,  but  did  not  for  the  Potential  Flow  method.  The 
rapid  convergence  rate  aad  low  cost  of  the  AFZ  factorised  Potential  Flow  solver  was  not  significantly  changed 
by  the  Inclusion  of  the  vortex. 
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'•Theoretical  and  experimental  results,  some  quite  recent,  on  the  Instability  and  breakdown  of 
ncentrated  vortices  at  high  Reynolds  nuabers  are  reviewed.  Wave  related  theories  of  the  vortex 
breakdown  phenoaenon  are  treated  In  soae  detail;  these  appear  to  provide  a  qualitative  description  of 
of  the  response  of  vortex  breakdown  to  variations  In  swirl  or  flow  rate,  and  Benjamin's  criticality 
classification,  a  wave-based  concept.  Is  consistent  with  experlaental  data.  Known  general  criteria 
for  the  stability  or  Instability  of  Invlscld  columnar  vortices  are  reviewed,  together  with  numerical 
studies  of  an  invlscld  vortex  model  that  provides  an  excellent  analytical  fit  to  measured  velocity 
profiles  In  vortices  that  experience  breakdown.  A  new  analysis  of  experlaental  data  on  vortex 
breakdown  flows  sheds  light  on  the  Interplay  between  criticality  and  Instability.  The  flows  suffi¬ 
ciently  far  upstreaa  of  breakdowns  to  be  unaffected  by  the a  are  supercritical  and  stable,  but  they  are 
generally  closer  to  marginal  Instability  than  they  are  to  criticality.  The  wakes  are  both  subcrltlcal 
and  unstable.  A  conceptual  framework  for  vortex  breakdown.  Incorporating  nonlinear  wave  theory  and 
Instability  to  three-dimensional  disturbances,  is  suggested  based  on  Information  derived  from  the 
experimental  studies. 


1 .  INTRODUCTION 

Vortex  cores  are  fluld-mechanlcal  waveguides  capable  of  supporting  dispersive  waves,  but  complex 
Instabilities  may  be  engendered  in  them  under  conditions  often  realized  in  practical  situations.  In 
addition,  as  shown  by  Hall  (1|,  substantial  swirl  velocities  cause  pressure  gradients  imposed  at  the 
edge  of  the  vortex  core  to  be  amplified  on  the  centerline,  making  the  flow  there  highly  sensitive  to 
the  environment  in  which  the  vortex  resides.  This  sensitivity  can  result  In  large  amplitude  transi¬ 
tions  of  the  flow  structure,  often  leading  to  the  formation  of  Internal  stagnation  points  and  regions 
of  reversed  axial  flow.  Large  amplitude  disturbances  result  in  the  rapid  decelerations  known  as 
"vortex  breakdowns".  The  term  as  used  here  will  refer  to  those  disturbances  leading  to  the 
development  (in  some  frame  of  reference)  of  a  Stagnation  point  and  flow  reversal  in  a  limited  region. 
The  phenoaenon  first  attracted  serious  scientific  Interest  when  it  was  discovered  to  occur  in  the 
vortices  formed  above  lifting  surfaces  with  highly  swept  leading  edges  (Peck ham  4  Atkinson,  [2]), 
causing  changes  in  the  slopes  of  the  lift,  drag,  and  moment  curves  (Earnshaw  4  Lawford  [3);  Hummel  4 
Srlnivasan,  (4J). 

This  survey  deals  with  vortex  stability  and  breakdown  In  incompressible  flows  at  high  Reynolds 
numbers.  The  juxtaposition  of  the  words  "vortex  stability"  and  "breakdown"  in  the  title  of  this  paper 
does  not  imply  a  causal  relationship  between  the  two  varieties  of  events.  A  vortex  can  be  unstable 
without  breakdown,  and  it  appears  that  axial  flow  reversals  can  be  created  in  swirling  flaws  without 
any  sign  of  hydrodynamic  instability  to  infinitesimal  disturbances. 

A  breakdown  event  causes  significant  modifications  of  the  vortex  structure,  however,  and  experi¬ 
ments  at  high  Reynolds  nuabers  reveal  that  the  flow  downstream  of  it  is  always  "more"  unstable  than 
that  upstreaa.  Breakdown  acts  as  a  "switch"  that  marks  the  onset  of  transition  to  a  turbulent  flow 
downstream  if  the  flow  upstreaa  Is  laminar,  or  transition  to  a  flow  with  a  higher  level  of  turbulent 
fluctuations  downstream  if  the  vortex  upstream  of  breakdown  is  already  turbulent.  With  the  possible 
exception  of  confined  vortices  at  fairly  low  Reynolds  numbers,  the  flow  downstream  of  breakdown  seems 
always  to  contain  fluctuations  that  are  not  axis lly-symme trie,  even  if  the  flow  upstreaa  is  axlally- 
symmetrlc  to  a  high  degree  of  accuracy.  The  expansion  of  the  vortex  core  in  the  wake  of  a  breakdown 
event  is  due  to  the  mixing  associated  with  the  instabilities  and  turbulence.  Thus,  whether  Instabili¬ 
ties  are  responsible  for  the  existence  of  breakdown  or  not,  they  play  an  essential  role  in  shaping  the 
global  structure  of  the  flow,  and  therefore  in  determining  the  aerodynamic  effects  of  breakdown. 

An  appreciation  of  the  kinds  of  experlaental  arrangements  that  have  been  meed  to  study  the  vortex 
breakdown  phenomenon  helps  to  place  the  experlaental  work  Into  context.  This  survey  therefore  begins 
in  section  2  with  a  brief  discussion  of  the  methods  of  formation  of  the  vortices  studied  in  the  labor¬ 
atory  and  arising  In  some  cases  of  practical  Interest.  This  is  followed  in  section  3  by  descriptions 
of  the  two  major  types  of  vortex  breakdown,  the  "bubble",  which  I  shall  call  the  B-type,  or 
B-breskdown,  and  the  "spiral"  breakdown,  which  1  will  call  the  S-type,  or  S -breakdown.  Both  types  are 
shown  in  Figure  1,  a  mich  reproduced  photograph  of  both  types  appearing  simultaneously  In  leading  edge 
vortices  above  a  delta  wing  taken  from  Lambouroe  4  Bryer  (5],  and  in  the  photographs  of  Figure  2  show¬ 
ing  both  forms  in  a  tube.  The  question  of  the  departure  from  axial -symmetry  and  whether  or  not  it  can 
be  ignored  Is  taken  up  in  preliminary  way  in  section  4. 

Criteria  for  breakdown  based  on  theoretical  arguments  that  neglect  all  mmaxleymmetrlc  phenomena 
are  considered  in  section  5.  The  main  unifying  element,  whether  originally  recognised  or  not,  in  all 
formulations  of  criteria  for  onset  of  breakdown  in  purely  axisymmmtrlc  theories  is  the  concept  of  cri¬ 
tical  flow.  This  condition  was  first  introduced  by  Squire  (6)  in  his  wave  criterion  for  breakdown. 
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enlarged  and  reinterpreted  by  Benjamin  [7]  In  hie  theory  of  finite  traoaitlona  between  "conjugate” 
fl«*  states,  and  shown  by  Uidwieg  (8]  and  by  Hall  19]  to  be  common  not  only  to  the  wave -based  theories 
of  Squire  and  of  Benjamin,  but  also  to  earlier  theories  based  upon  ideas  related  to  boundary  layer 
separation.  The  finite  amplitude  wave  theories  of  Benjamin  [10]  and  Leibovich  [11],  and  the  trane- 
crltlcal  theory  of  Leibovich  &  Randall  [12]  and  Randall  &  Leibovich  [13]  are  also  centered  around  the 
criticality  classification.  The  transcrltical  wave  theory  is  outlined  here,  since  I  believe  that  it 
contains  the  germ  of  a  comprehensive  description  of  the  phenomena;  it  serves  as  auseful  vehicle  to 
present  speculations,  to  be  found  in  section  7,  on  what  a  comprehensive  description  may  turn  out  to  be 
like. 


The  stability  or  instability  of  vortex  cores  at  infinite  Reynolds  numbers  is  considered  in 
section  6  partly  from  a  theoretical  point  of  view,  and  partly  by  reference  to  recent  experiments. 
Ludvieg  [14,15,16]  advanced  an  explanation  of  vortex  breakdown  based  upon  hydrodyamic  instability  to 
three  dimensional  disturbances.  This  has  not  won  acceptance,  since  the  flows  upstream  are  stable. 
Nevertheless,  it  appears  as  though  instability  may  well  be  i^>ortant  in  fixing  the  location  of  break¬ 
down,  and,  of  course,  the  properties  of  the  wake.  Instability  to  three-dimensional  disturbances  plays 
an  important  part  in  the  conceptual  framework  for  breakdown  suggested  in  section  7,  which  arises  from 
the  analysis  of  experimental  data  summarized  here. 

Reviews  of  vortex  breakdown  are  given  by  Hall  [1],  Hall  [9],  and  Leibovich  [17].  The  reader 
should  find  them  helpful;  a  recent  general  discussion  by  Legendre  [18]  will  also  be  of  Interest. 

2.  VORTEX  GENERATION 

To  address  questions  concerning  modifications  of  the  flow  structure  in  vortices  as  some  control 
parameter,  such  as  angle  of  incidence,  is  varied,  it  is  necessary  to  begin  with  some  model  of  the  vor¬ 
tex  which  may  be  expected  to  lead  to  a  tractable  analysis.  This  requires  that  the  "vortex"  be  isolat¬ 
ed  from  its  surroundings  in  some  consistent  way.  All  models  so  abstracted  for  the  purpose  of  analysis 
of  stability  or  of  breakdown  have  been  axially  syamstrlc.  This  process  of  isolation  leads  to 
questions  whose  answers  are  not  self-evident,  particularly  concerning  the  appropriate  boundary 
conditions  to  impose  on  disturbances  to  the  basic  vortex  flow  model. 

The  problem  of  vortex  breakdown  first  attracted  serious  scientific  attention  in  the  context  of 
leading-edge  vortices  on  highly  swept  leading  edges,  and  the  main  aerodynamic  Interest  probably 
continues  to  be  in  flows  of  this  kind,  or  in  trailing  vortices;  both  are  formed  by  the  roll-up  of  a 
vortex  sheet.  Early  on,  it  was  recognised  that  detailed  experimental  data  was  in  many  ways  more 
easily  obtained  on  vortices  confined  to  tubes,  and  the  bulk  of  available  data  are  for  such  cases. 

Figure  3  is  a  sketch  of  a  leading-edge  vortex,  and  Fir^.r^.'  4  and  5  contain  sketches  of  the  two 
types  of  laboratory  apparaus  that  have  been  used  to  study  votfc.es  confined  to  tubes.  I  shall  discuss 
each  of  these  In  general  terms. 

Edge  and  Trailing  Vortices 

Experimental  observation  and  measurement  indicates  that  the  vortlclty  in  the  separating  boundary 
layer  may  be  regarded  as  a  vortex  sheet  as  it  leaves  the  separation  line.  As  the  sheet  rolls  up,  its 
intersection  with  a  plane  normal  to  the  lifting  surface  forms  a  spiral  and  the  velocity  profiles  in 
the  inner  portion  of  the  spiral  appear  to  be  nearly  axial ly-synmetric.  This  axlsymmetrlc  "core"  grows 
in  radius  in  the  downstream  direction,  and  occupies  the  interior  of  a  conical  region.  The  circulation 
about  this  core  Increases,  essentially  linearly  with  distance  along  the  axis,  as  vortlclty  Is 
continuously  wound  into  the  core  ragloo.  Axial  speeds  on  the  centerline  Increase  with  distance  as 
well,  due  to  the  continuous  drop  in  centerline  pressure  as  the  core  vortlclty  Increases. 

Outside  of  the  conical  core,  the  flow  is  neither  irrotatlonal  nor  axially  symmetric;  in  fact,  the 
definition  of  the  "core"  is  somewhat  arbitrary.  In  their  dlscuesslon  of  the  incompletely  rolled-up 
trailing  vortex,  for  Instance,  Moore  &  Saffman  [19]  suggest  a  definition  based  upon  the  ratio  of  the 
distance  between  neighboring  turns  of  the  sheet  to  the  distance  from  the  center,  using  Kaden's  (20) 
similarity  model  of  roll-up.  The  core  is  considered  to  be  axlsymmetrlc  for  regions  where  this  ratio 
remains  less  than  an  arbitrarily  assigned  value.  In  any  event,  the  main  requirement  in  isolating  a 
vortical  core  presumably  should  be  that  the  region  abstracted  contains  most  of  the  vortlclty. 
Fortunately,  It  appears  possible  to  define  a  core  that  is  at  the  same  time  nearly  axlsymmetrlc,  and 
this  is  an  major  simplifying  feature.  Its  adoption,  for  example,  permitted  Hall  (21)  and  Stewarteon  & 
Hall  [22]  to  construct  a  successful  theory  for  the  leading-edge  vortex  at  high  Reynolds  number.  The 
theory  represents  the  flow  as  rotational,  lnvlscld,  and  conical  except  in  a  very  slender,  non-conlcal, 
viscous  subcore. 

It  is  important  to  note  that  the  size  of  a  vortical  core  formed  by  roll  up  of  a  vortex  sheet  la 
independent  of  Reynolds  number  (although  the  radius  of  the  viscous  subcore  decreases  with  Increasing 
Reynolds  number).  The  center  of  a  leading-edge  vortex  is  generally  located  on  the  order  of  a  core 
diameter  above  the  lifting  surface,  and  the  core  diameter  may  not  be  negligibly  smII  coapared  to  the 
local  semispan  of  the  lifting  surface.  Should  the  core  diameter  Increase  by  a  substantial  fraction, 
as  it  does  in  a  vortex  breakdown,  there  may  be  significant  aerodynamic  consequences . 

Sufficiently  far  downstream  of  a  lifting  surface,  its  associated  vortex  sheet  may  be  considered 
to  be  completely  rolled  up  into  two  trailing  vortices,  each  of  constant  circulation.  The  core  of  each 
is  then  naturally  definable.  If  diffusion  and  mutual  interactions  are  Ignored  and  each  trailing  vor¬ 
tex  Is  treated  as  if  the  other  were  not  there,  then  the  velocity  field  nay  be  treated  as  columnar, 
with  each  streamline  being  a  helix,  and  ths  flow  outside  the  core  as  Irrotatlonal. 

Vortex  Generators  with  Tangential  Jet  Entry 

Apparatus  In  which  vortices  are  generated  by  jets  directed  tangent  to  ths  walls  of  a  cylindrical 
cavity  have  been  used  in  some  laboratory  experiments  on  vortex  breakdown  (Chanaud  [23];  Escudler  et 


al  (24];  Escudler  &  Zehnder  (25);  Escudler  et  al  (26]).  Ac  large  Reynolds  number,  apparatus  of  this 
design,  and  In  particular  the  slot  entries  used  by  Eacudler's  group,  produce  vortex  cores  with 
vorticlty  deriving  mainly  f  roe  the  roll-up  of  a  shear  layer  shed  at  the  slot  exit,  as  Illustrated  In 
Figure  4.  Vorticlty  shed  fro*  separation  of  the  end  wall  boundary  layer  is  also  entrained  In  the 
core,  but  this  is  probably  a  smaller  effect  except  near  the  end  wall  itself.  Thus  some  similarity  In 
the  structures  of  vortices  produced  this  way  to  edge  vortices  in  external  aerodynamic  flows  Is  to  be 
expected. 

Velocity  profiles  measured  by  Escudler  et  al  (26]  are  shown  in  Figure  6,  alongside  of  data  taken 
by  Earnahaw  [27]  (figure  shown  Is  taken  from  Hall  (21]  in  two  mutually  perpendicular  traverses  through 
a  leading  edge  vortex  over  a  delta  wing  model.  Qualitative  similarities  are  evident.  In  particular, 
in  both  sets  of  measurements,  the  azlauthal  velocity  component  is  nearly  flat  beyond  the  point  of 
maximum  swirling  speed,  although  the  swirl  level  In  this  flat  stretch  Is  larger  for  the  leading  edge 
vortex.  The  axial  velocity  component  is  associated  with  azimuthal  vorticlty  throughout  the  flow 
region  shown:  there  Is  no  external  lrrotational  flow. 

Escudler  et  al  |26)  have  found  that  the  following  model  can  be  fitted  to  their  data  for  the  swirl 
component 

V(r)  -  rc/2wr)(l-exp(-r2/r02)  +  wr/2  (1) 

where  l*c,  r0,  and  u  are  constants  for  a  profile  at  a  fixed  axial  station;  their  profile  constants 
have  not  been  published,  and  no  analytical  fit  has  been  suggested  for  the  axial  velocity  component. 

After  leaving  the  vortex  generation  section,  the  flow  enters  a  cylindrical  exit  tube.  Presum¬ 
ably  ,  the  roll-up  continues  for  at  least  some  distance  into  the  exit  tube,  but  except  for  a  sink  of 
axial  vorticlty  at  the  wall,  all  of  the  vorticlty  In  the  exit  tube  Is  convected  from  the  swirl 
generator  upstream.  The  core  size  in  these  vortices  prior  to  any  breakdown  which  may  take  place 
seems  to  be  fixed  by  the  roll-up  process  in  the  vortex  generation  section  and  varies  weakly ,  If  at 
all,  with  Reynolds  number. 


Vane  Vortex  Generators 


The  first  experiments  on  vortex  breakdown  in  tubes  were  conducted  by  Harvey  [28],  and  one  of  the 
main  motivations  was  the  removal  the  asymmetries  characteristic  of  leading  edge  vortices.  Swirl  was 
produced  in  the  apparatus,  previously  used  by  Titchener  &  Taylor-Russell  (29)  for  another  purpose,  by 

means  of  a  radial  Inflow  through  a  set  of  vanes.  After  squiring  swirl  In  passing  the  vanes,  the 

radial  flow  is  turned  through  an  annular  channel  created  by  an  outer  curved  wall  and  a  centerbody,  and 
exits  axially  Into  a  cylindrical  tube  which  serves  as  the  test  section.  Since  the  flow  accelerates 
through  the  turning  section,  the  point  of  detachment  Is  fixed  at  the  tip  of  the  centerbody.  Sarpkaya 
[30,31,32]  conducted  experiments  in  a  similar  apparatus,  but  with  conical  test  sections  of  generally 
small  cone  angles.  Bellamy-Knlghts  [33],  Faler  &  Lelbovlch  [34,35],  and  Garg  6  Lelbovlch  [36]  used 
apparatus  modelled  after  Sarpkaya *s. 

Except  for  boundary  layers  on  the  centerbody  and  on  the  outer  boundary,  the  flow  In  the  vortex 
generator  Is  essentially  lrrotational.  In  the  test  section,  the  flow  Is  accurately  lrrotational  in  an 
annular  region  lying  between  a  well-defined  vortical  core  surrounding  the  tube  centerline  and  the 
boundary  layer  on  the  outer  wall.  The  vorticlty  In  the  core  all  derives  from  the  boundary  layer  shed 

from  the  centerbody,  and  the  circulation  Is  constant  for  all  circuits  between  the  core  and  the  wall 

boundary  layer.  The  development  of  the  vortex  core  by  shedding  of  the  centerbody  boundary  layer  leads 
to  a  low  centerline  pressure  and  consequent  formation  of  an  axial  Jet  Just  downstream  that  Is  con¬ 
fined  to  the  vortex  core. 

Experimental  data  Is  well  fitted  by  the  analytical  profiles  for  axial  velocity  W  and  swirl 
velocity  V, 

W  -  Wj  +  W2exp(-ar2) 

2  (2) 
V  -  \[l  -  exp(-ar2 ) J/r, 

where  Wj,  W2,  a,  and  X  are  constants;  these  constants  have  been  published  for  a  number  of  experiments 
(Garg  &  Lelbovlch  [36]. 

In  this  type  of  apparatus,  the  site  of  the  core  is  determined  by  the  thlckneas  of  the  boundary 
layer  shed  by  the  centerbody,  and  decreases  with  an  Increase  In  Reynolds  number.  This  core  site 
dependence  leads  to  s  complicated  coupling  between  the  two  control  variables,  flew  rate  (Reynolds  num¬ 
ber)  and  vane  angle;  an  Increase  of  either  parameter  leads  to  an  Increase  In  core  vorticlty. 

3.  VORTEX  BREAKDOWN:  DESCRIPTIVE  SURVEY  AND  REMARKS 

At  large  Reynolds  numbers,  breakdown  assumes  one  of  two  characteristic  geometric  forms.  In 
either  form,  a  stagnation  point  appears  oo  the  vortex  axis,  followed  by  a  limited  region  of  reversed 
axial  flow  near  the  vortex  centerline.  A  tracer  released  on  the  vortex  axis  upstream  shows  the 
B-breakdown  to  look  tmich  like  a  body  of  revolution  placed  in  the  flow;  in  the  case  of  an  S-breakdown, 
the  tracer  assumes  s  spiral  or  corkscrew  shape  that  rotates  about  the  vortex  axis  In  the  same  sense  as 
does  fluid  in  the  upstream  vortex.  In  both  forme  the  upstream  approach  flow  has  a  Jet -like  axial 
velocity  component  with  a  centerline  speed  exceeding  the  axial  velocity  outside  the  core  by  a  factor 
ranging  up  to  three  or  even  more.  Deceleration  of  this  strong  axial  Jet  to  rest  at  an  Internal 
stagnation  point  Is  accomplished  In  an  axial  distance  of  one  or  two  diameters  of  the  upstream  vortex 
core.  Upstream  of  the  deceleration  interval,  the  presence  of  the  breakdown  is  not  evident  to  the  eye, 
or  In  velocity  measurements. 


The  stagnation  point  Is  followed  by  an  axial  Interval  of  a  very  complicated  nature  which  contains 
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one  or  sore  regions  of  flow  reversal.  The  ’bubble'  and  the  coherent  corkscrew  for*  are  contained 
within  a  volume  of  whose  radial  extent  la  close  to  that  of  the  upstream  core  radius,  and  both  flow 
structures  exhibit  time  periodic  velocity  fields  that  are  not  axial ly-symmetric.  This  zone  typically 
has  an  axial  extent  of  1  to  3  diameters  of  the  upstream  vortex  core.  The  flow  downstream  cf  the 
breakdown  zone  is  wake-like  and  invariably  turbulent  with  strong  coherent  periodic  oscillations.  The 
Mean  axial  velocity  deficit  in  this  zone  is  reminiscent  of  the  wake  of  a  solid  body  of  revolution,  and 
the  vortex  core  is  greatly  expanded. 

Axial  gradients  in  the  approach  flow  upstream  of  the  breakdown  zone  and  in  the  wake  downstream  of 
it  appear  to  be  determined  by  globally  Imposed  conditions,  such  as  an  overall  (axial)  pressure 
gradient,  or  the  geometry  of  the  container  walls,  or,  if  Impressed  forcing  conditions  are  absent,  by 
viscous  decay.  The  axial  scales  of  impressed  forcing  typically  are  much  larger  than  the  diameter  of 
the  vortex  core;  on  these  scales,  the  breakdown  zone  looks  like  a  thin  transition  region  joining  the 
approach  flow  and  the  wake. 

Measured  values  of  the  core  expansion  ratio  (wake  core  diameter /approach  flow  core  diameter) 
analyzed  by  Lelbovich  [17]  (see  Table  1  of  section  5  below),  using  data  from  Garg  &  Leibovlch  [36], 
range  from  slightly  over  1.5  to  nearly  3.  Expansions  associated  with  the  B-form  were  found  to  be 
significantly  larger  that  those  associated  with  the  S-form. 

Most  of  the  Information  that  is  available  concerning  breakdown.  Including  the  very  Important 
qualitative  Information  concerning  onset,  position,  and  type,  have  been  obtained  by  flow  visualization 
using  smoke  or  dye  as  a  tracer.  In  particular,  the  designations  of  different  types  of  breakdown,  the 
B  and  S  forms,  were  made  on  the  basis  of  their  appearances  in  flow  visualization  experiments.  Are 
these  two  forms  really  different,  or  Just  visual  variants  of  the  same  flow  state?  Recognizing  that 
care  must  be  taken  in  the  interpretation  of  streakline  data,  It  might  not  be  prudent  to  infer  from  the 
distinctive  appearances  of  the  B-form  and  the  S-form  as  revealed  by  smoke  or  dye  that  these  actually 
mark  distinct  flew  disturbances.  It  might  be  argued,  for  example,  that  there  are  minor  wiggles  of  the 
upstream  dye  or  smoke  feeder  due  to  very  slight  disturbances  near  the  stagnation  point  that  are  some¬ 
times  large  enough  to  periodically  deflect  the  tracers,  leading  to  what  we  see  as  the  S-form,  while  at 
other  times  they  are  too  weak  to  have  a  noticeable  effect,  and  we  identify  the  disturbance  as  a 
B-form.  This  argument,  while  plausible  based  only  on  the  shapes  of  the  dye  filament,  is  not  correct; 
at  least  two  pieces  of  evidence  exist  to  show  that  the  two  forms  are  In  fact  distinct  flow  disturban¬ 
ces.  One  piece  of  evidence,  the  different  core  expansion  ratios,  has  already  been  discussed.  The 
second  has  to  do  with  the  upstream  flow  conditions  which  lead  to  either  the  B  or  the  S-form. 

Consider  the  flow  in  a  conical  tube  apparatus  of  the  Sarpkaya  design  at  fixed  flow  rate  (Reynolds 
number).  For  low  values  of  swirl  (l.e.,  small  vane  angle),  the  flow  exhibits  no  unusual  behavior. 

When  the  swirling  speeds  exceed  a  threshhold  value,  a  large  amplitude  disturbance  form  appears  in  the 
test  section.  For  a  Reynolds  number  based  on  tube  diameter  of,  say,  3000  or  larger,  the  breakdown 
that  first  appears  is  of  S-type,  according  to  Sarpkaya  (30),  Faler  &  Lelbovich  [34],  and  Garg  & 
Leibovlch  [36].  If  the  swirl  level  is  further  increased,  the  breakdown  moves  to  a  position  farther 
upstream.  Although  there  is  vacillation  in  position,  the  breakdown  appears  to  have  a  definite  mean 
location  that  depends  upon  the  swirl.  As  the  swirl  is  further  Increased  this  process  continues  until, 
at  a  second  critical  value  of  the  swirl,  the  S-form  transforms  into  a  B-form,  and  moves  rapidly  to  a 
new  equilibrium  location  several  core  diameters  upstream  of  the  previous  mean  position.  (The 
metamorphosis  is  described  by  Sarpkaya  [30]  and  by  Faler  &  Leibovlch  (34)).  Thus  the  transition  to  a 
B-form  Is  associated  with  a  discontinuity  in  the  mean  position  versus  swirl-level  functional 
relationship,  and  this  discontinuity  Is  the  clearest  evidence  that  the  two  disturbance  forms  are  truly 
distinct. 

There  are  borderline  ranges  of  swirl  levels  for  which  the  B-form  and  the  S-form  spontaneously 
transform  one  into  the  other,  each  transition  causing  the  location  of  the  newly  established  breakdown 
to  move  rapidly  to  the  seen  axial  location  appropriate  to  Its  type.  The  response  of  a  B-form  to 
Increases  of  swirl  Is  similar  to  the  S-form,  the  mean  location  moves  upstream;  furthermore,  the 
spontaneous  reversion  to  an  S-form  becomes  increasingly  rare  and,  as  the  swirl  is  increased  beyond 
some  level,  this  reversion  no  longer  is  observed  to  occur. 

The  locstlon  of  breakdown  has  been  measured  as  a  function  of  volume  flow  rate  Q  (or  a  Reynolds 
number  based  upon  Q)  and  swirl,  measured  In  dimensionless  form  by  the  parameter  Q  •  «TD/4Q  originally 
introduced  by  Sarpkaya  (30).  Here  T  is  the  circulation  about  the  vortex  core,  a  quantity  that  can  be 
inferred  from  the  Inlet  data  (for  example,  the  vane  angle  and  placement  in  a  vane  swirl  generator), 
and  D  is  a  characteristic  diameter  of  the  apparatus.  Measurements  of  this  kind  are  presented  by 
Sarpkaya  [30-32],  Faler  &  Leibovlch  [34],  and  Escudier  6  Zehnder  (25);  a  limited  sample  is  also  given 
by  Garg  &  Leibovlch  [36],  Except  for  Escudier  6  Zehnder,  who  use  a  tangential  jet  swirl  device,  the 
experiments  cited  use  vane  swirl  generation,  and  a  typical  compilation  of  results  is  shown  in  Figure 
7.  The  dependence  of  the  breakdown  location  with  Re  in  these  flows  is  probably  not  due  to  a  viscous 
role  In  the  breakdown  mechanism,  which  appears  to  be  essentially  lnvlscld,  and,  although  the  point 
continues  to  be  misinterpreted  (cf.  Escudier  &  Zehnder  [25,  pg.118),  it  certainly  cannot  be  attributed 
to  viscous  wall  effects  (the  discussion  here  excludes  phenomena  at  Reynolds  numbers  so  low  as  to  allow 
frictional  Influences  of  the  wall  to  penetrate  to  the  vortex  core).  Rather,  the  breakdown  location  at 
fixed  Q  and  increasing  (decreasing)  Re  varies  primarily  because  of  the  increase  (decrease)  in  peak 
swirl  sod  core  vortlclty  associated  with  a  reduction  (enlargement)  in  core  diameter;  recall  that  a 
vane -center body  apparatus  produces  a  vortex  with  a  core  diameter  proportional  to  la'1'*. 

Escudier  I  Zehnder  (2$)  show  that  the  simple  rule  ReQ3R  -  constant,  where  R  is  a  dlmenaloolese 
parameter  associated  with  the  swirl  generation  section,  correlates  conditions  for  the  occurrence  of 
vortex  breakdown  at  a  fixed  axial  location  la  their  apparatus.  They  also  suggest  that  this  result  is 
applicable  to  other  experimental  data.  For  data  apparatus  using  vans  swirl  generation,  the 
correlation  reduces  to  ReQ2  •  constant.  Unfortunately,  neither  this  result,  nor  may  other  functional 
relationship  between  Re  and  Q,  can  possibly  represent  a  universal  criterion  for  the  occurrence  of 
breakdown  at  a  fixed  location,  as  Figure  7  indicates,  simply  because  B  and  8  breakdowns  have 


distinctly  different  location#  as  a  function  of  Be  and  fl  in  vane  devices.  In  fact,  as  pointed  out  by 
Faler  &  Lelbovlch  [34]  and  by  Lelbovlch  [17],  the  relevaut  dynamics  in  vortices  scale  with  the  vortex 
core  diameter,  and  that  it  is  likely  to  be  more  revealing  to  describe  data  using  a  Reynolds  number 
based  on  that  length. 

The  main  characteristics  of  vortex  breakdowns  above  delta  wings  at  high  Incidences  appear  to 
agree  with  the  findings  described  above  for  flows  in  tubes,  although  detailed  structural  Information 
of  the  breakdowns  that  occur  in  the  former  cases  is  not  available.  Nevertheless,  the  appearance  of 
the  two  main  types,  the  B-form  and  the  S-form  are  both  well  documented  (Merle  (37),  Lam bourne  4  Bryer 
(5),  with  the  S-form  predominating.  Since  this  is  the  low  swirl  form  of  breakdown,  this  may  merely 
imply  that  under  conditions  of  aerodynamic  Interest,  the  swirl  level  is  not  high  enough  to  render  the 
B-breakdown  the  stable  form.  As  the  incidence  is  increased,  and  thereby  the  swirl  level,  an  existing 
breakdown  moves  upstream  like  its  tube  counterpart  (Elle  (38);  Merle  [37);  Earns haw  4  Lswford  ( 3 | ; 
Hummel  4  Srlnivasan  [4)). 

It  is  interesting  to  note  that  the  sense  of  the  helical  dye  filament  of  the  leading  edge 
S -breakdown  is  opposed  to  the  direction  of  rotation  of  the  upstream  vortex,  although  the  apparent 
direction  of  rotation  of  the  spiral,  as  a  geometric  form,  agrees  with  it  (Lam bourne  4  Bryer  [3]). 
Sarpkaya  [30]  and  Faler  4  Lelbovlch  [34]  found  the  sense  of  the  helix  and  its  sense  of  rotation  to 
agree  with  that  in  the  approach  flow  in  their  experiments  in  vane-type  devices.  Escudler  4  Zehnder 
[26]  found  that  the  helix  sense  of  S-breakdowns  in  their  experiments  agreed  with  the  observations  of 
Lam bourne  4  Bryer.  Since  we  have  already  argued  that  the  flows  generated  by  tangential  jet  entry 
devices  are  closer  to  leading  edge  vortices  than  they  are  to  flows  in  vane  devices,  the  latter 
agreement  is  perhaps  to  be  expected.  Actually,  it  Is  not  clear  that  the  helix  sense  has  much 
significance.  The  helix  marks  a  thin  filament  of  fluid  particles  surrounding  the  upstream  vortex 
axis.  A a  Lamboume  4  Bryer  [5]  have  shown,  individual  fluid  particles  in  the  streakline  as  it  expands 
radially  downstream  of  the  stagnation  point  have  virtually  cero  swirl  velocity,  consistent  with  the 
need  to  conserve  angular  momentum.  The  formation  of  a  spiral  structure  la  consistent  with  a 
nonaxlsyMetrlc  displacement  of  the  dye  filament  of  the  form  exp [i( 8-hut )J  in  the  neighborhood  of  the 
stagnation  point,  with  each  dyed  fluid  particle  thereafter  moving  on  a  surface  of  revolution  in  an 
essentially  fixed  meridional  plane  until  it  passes  into  regions  of  turbulent  flow.  The  sense  of  the 
helix  is  determined  by  the  sign  of  w.  The  'rotation'  of  the  geometric  form  is  accomplished  without 
rotation  of  its  constituent  parts. 

4.  REMARKS  ON  THE  DEPARTURE  FROM  AXIAL  SYMMETRY  OF  VORTEX  BREAKDOWN 

Approach  flows  which  suffer  breakdown  can  be  made  to  have  a  high  degree  of  axial  sysmetry,  yet 
the  flows  in  the  breakdown  cone  and  in  the  wake  lose  this  symmetry.  The  loss  of  symmetry  is 
associated  with  instability  of  the  axlsyametrlc  flow  and  presages  transition  to  a  turbulent  wake. 

Thus  asymmetry  shapes  the  properties  of  the  wake,  and  therefore  the  global  flow,  but  is  the  loss  of 
symmetry  intrinsic  and  necessary  for  the  formation  of  a  stagnation  point  and  consequently  an  essential 
element  in  the  mechanism  of  breakdown?  The  answer  is  not  known,  nor  of  course  could  it  be  in  the 
absence  of  a  definitive  identification  of  the  breakdown  mechanism.  Nevertheless,  a  correct  working 
hypothesis  could  help  in  the  construction  of  a  theory  which,  it  is  to  be  hoped,  will  eventually  be 
constructed  as  a  comprehensive  explanation  of  the  phenomenon.  As  will  be  seen  in  the  next  section, 
virtually  all  of  the  theoretical  attempts  that  have  been  made  adopt  the  view  that  nonaxlsywetrlc 
effects  are  incidental,  and  that  the  dominant  mechanism  of  breakdown  is  axlsymmstrlc;  Benjamin  [7]  has 
most  explicitly  articulated  this  idea.  In  this  section,  I  will  give  arguments  that  might  be 
marshalled  in  support  either  side  of  the  question. 

If  we  adopt  a  cylindrical  (r,8,s)  coordinate  system,  we  may  represent  any  flow  variable  by  a 
Fourier  series  in  the  aslmuth  6  in  the  form 

Furthermore,  if  (^(r.x.t)  are  the  Fourier  coefficients  of  the  axial  velocity  component,  then 
Cn(0,x,t)  ■  0  for  all  nonsero  integers  n.  Thus,  the  only  disturbance  to  the  axial  velocity  on  the 
axis  of  symmetry  is  that  associated  with  the  axlsymmetrlc  (n  •  0)  Fourier  component.  Since  the 
variation  with  s  of  this  Fourier  mode  of  the  axial  velocity  n»t  be  large  to  describe  the  arrest  of 
the  axial  jet  of  the  approach  flow,  it  is  apparent  that  any  vortex  breakdown,  be  it  of  S  or  B  type, 
must  have  a  large  axlally-eynmttric  disturbances.  Since  tne  fluctuating  velocities  (indicative  of  the 
magnitude  of  the  n  *  0  Fourier  components)  are  never  more  than  a  modest  fraction  of  the  axial  jet  in 
the  approach  flow,  one  could  therefore  assert  that  In  this  sense,  the  axlsyametrlc  mode  dominates  the 
no naxl symmetric  modes.  This  is  one  argument  in  support  of  the  position  that  nonaxiaynmstrlc 
disturbances  may  play  a  secondary  role  in  the  mechanism  of  vortex  breakdown. 

A  second  argument  la  baaed  upon  the  probable  existence  of  exact,  stea4y»  axlsymmstrlc  solutions 
of  the  Navler-Stokes  equations  with  reversed  flow  regimes  that  resemble  vortex  breakdown,  and  the 
known  existence  of  physical  flows  with  this  characteristic.  laboratory  experiments  on  flows  in  a 
closed  cylindrical  container,  driven  by  a  rotating  lid,  have  been  carried  out  by  Vogel  (39)  and  by 
Ronnenberg  (AO),  and  reveal  the  existence  of  a  closed,  steady,  axially -symmetric  region  of  reversed 
flow  in  a  limited  volume  of  fluid  surrounding  the  axis  of  symmetry.  Numerical  solutions  of  the 
Navler-Stokes  equations  by  Lugt  4  Heussllng  [41]  successfully  predict  aspects  of  the  observed  flow. 

Of  course,  this  la  a  flow  dominated  by  wall  friction;  and  the  basic  flow,  as  wall  as  the  flow  reversal 
region  singled  out.  Is  a  recirculating  one.  Saver the leas ,  these  numerical  and  experimental  works  show 
that  'Ideal*  axlsyametrlc  solutions  containing  features  broadly  resembling  the  ones  me  are  interested 
In  here  do  exist  and  can  be  experimentally  realised.  Nora  closely  related,  bit  perhaps  less  firmly 
established,  are  numerical  solutions  of  the  steady  axlaymmatrlc  Navis r -Stoke*  equations  by  Kopecky  4 
Torrance  (42}  and  by  Grabowski  4  Berger  (43)  intended  to  simulate  representative  vortex  breakdown 
flows.  Although  questions  can  be  raised  (Lelbovlch  (171)  about  the  reliability  of  these  solutions. 
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they  constitute  substantive  evidence  of  the  existence  of  exact  steady,  axlsymmetric  vortex  breakdown 
solutions. 

One  can  begin,  taking  the  other  side  of  the  question,  by  accepting  both  of  the  points  made  above, 
that  (a)  the  axlally-aysetrlc  Fourier  component  of  vortex  breakdown  flows  say  be  significantly  larger 
than  the  nonaxisyaamtric  ones,  and  that  (b)  the  Navler-Stokes  equations  nay  admit  steady,  axially- 
syanetrlc  solutions  with  reversed  flow  regions.  We  will  call  the  latter  solutions  of  class  A.  The 
existence  of  such  a  class  does  not  l^ly  that  the  nearly  axlsymmetric  flows  observed  in  experiments, 
and  admitted  as  point  (a)  here,  need  be  close  to  any  of  the  solutions  of  class  A. 

In  fact,  the  sequence  of  successive  transitions  observed  experimentally  by  Sarpkaya  [30),  Faler  A 
Lelbovlch  [34],  Garg  &  Lelbovlch  [36),  and  Escudler  &  Zehnder  [231  as  the  swirl  level  is  Increased 
suggests  that  both  S  and  B-f ores  of  breakdown  evolve  from  flows  that  are  clearly  not  axial ly-symne- 
trlc.  The  first  large  amplitude  disturbance  arises  as  a  steady,  nonaxl symmetric  bifurcation  of  a 
steady,  axlsymmetric  flow  (Faler  &  Lelbovlch  [34));  sequential  Increases  of  the  swirl  beyond  this 
first  critical  level  lead  to  a  sequence  of  nonaxl symmetric  flows  with  (or  so  it  seems)  an  Increasing 
axlsymmetric  aspect,  although  nonaxisynmetrlc  features  are  oever  lost.  This  suggests  that  the  members 
of  class  A  are  unstable  solutions  of  the  Navler-Stokes  equations,  and  the  flows  realised  in  experiment 
may  or  may  not  be  close  to  them.  The  momentum  transport  created  by  the  symmetry-breaking  modes  aris¬ 
ing  from  the  instabilities  can  cause  the  axially  symmetric  part  of  the  motion  to  differ  drastically 
from  solutions  belonging  to  A,  even  though  the  oonsxi symmetric  modes  remain  mich  smaller  that  the  axi- 
symmetrlc  one.  The  Taylor-Couette  flew  between  coaxial  rotating  cylinders  provides  an  example  of  this 
in  a  simpler  and  more  extensively  studied  setting.  In  this  case,  the  syMetry-breaking  perturbations 
are  the  Taylor  cells  which  are  themselves  steady  and  axlsymmetric  at  modest  supercritical  Taylor  num¬ 
bers;  the  syMetry  is  broken  by  the  appearance  of  axial  coordinate  x  rather  than  the  azimuth  angle. 
Even  when  the  cellular  motion  is  weak  cospared  to  the  mean  flow,  the  z-averaged  velocity  profiles  dif¬ 
fer  significantly  from  the  exact  stationary  cylindrical  solution  of  the  Navler-Stokes  equations. 

In  summary,  although  the  matter  remains  somewhat  uncertain,  it  appears  that  axial Ly-symmetrlc 
“breakdowns*'  are  admissible  solutions  of  the  Navler-Stokes  equations,  and  these  are  physically  realiz¬ 
able  at  sufficiently  low  Reynolds  number  in  wall-dominated  flows.  On  the  other  hand,  mslnteoance  of 
symmetry  appears  Impossible  at  the  high  Reynolds  numbers  of  aerodynamic  Interest,  and  the  steady,  axl- 
symmetrlc  solutions  of  the  Navler-Stokes  equations  at  high  Reynolds  numbers,  assuming  they  exist,  are 
unstable  to  non-axl symmetric  perturbations.  Furthermore,  the  long-range  effects  of  breakdown  arise 
because  of  these  instabilities:  without  them,  the  breakdown  disturbance  would  be  a  local  imperfec¬ 
tion,  annealed  by  the  flow.  A  step  that  would  help  to  clarify  the  question  and  which  seems  feasible, 
but  only  barely,  la  an  investigation  of  the  stability  of  numerically  generated  flows  of  class  A  to 
three-dimensional  disturbances.  This  involves  a  challenging  nonseparable  eigenvalue  problem.  (Nguyen 
[44),  in  a  recent  thesis,  examined  the  viscous,  spatial  stability  of  solutions  found  by  Grabowskl  & 
Berger  [43),  with  the  velocity  profiles  at  each  station  treated  as  though  the  flow  were  columnar. 

Such  an  effort,  though  interesting  and  valuable.  Is  Incapable  of  treating  what  is  likely  to  be  the 
most  significant  region  of  instability,  the  breakdown  zone  itself.) 

5.  WAVE  PROPAGATION  AND  THE  CRITICALITY  CRITERION 

Viewed  on  scales  m»ch  larger  than  the  vortex  core  diameter,  vortex  breakdown  appears  to  be  a 
discontinuous  transition  between  two  flows  with  very  different  characteristics.  In  this  sense,  it  is 
reminiscent  of  a  shock  wave  in  gasdynamics  or  its  analog  in  free  surface  flows,  the  hydraulic  ju*>. 

Haves  may  propagate  in  all  three  of  these  physical  systems.  In  hydraulic  jumps,  in  gas dynamic 
shock  waves,  and  (for  all  adequately  documented  observations)  in  vortex  breakdowns,  transition 
separates  an  upstream  flow  (the  supersonic  or  supercritical  region)  Incapable  of  supporting  upstream 
propagating  wavelets,  from  its  downstream  successor  (the  subsonic  or  subcrltlcal  region),  which  admits 
both  upstream  and  downstream  propagating  wavelets.  Furthermore,  the  three  systems  share  a  comun 
sensitivity  to  conditions  imposed  downstream.  The  occurrence  and  position  of  a  shock  in  a  nozzle  is 
controlled  by  the  back  pressure,  and  the  occurrence  and  location  of  a  hydraulic  jump  in  a  channel  of 
variable  width  la  controlled  by  backwater  conditions.  While  it  is  more  difficult  to  control 
’'backwater1*  conditions  In  vortex  breakdown  experiments,  the  effects  of  changing  pressure  gradients 
(Sarpkaya  132)),  insertion  of  aolld  objects  on  the  vortex  axis,  and  deflection  of  tralllng-edge  flaps 
(Lambourne  &  Brycr  [51)  on  the  occurrence  and  location  of  vortex  breakdown  indicate  that  this 
phenomenon  hae  a  similar  sensitivity  to  downstream  conditions. 

Like  a  free  surface  flow,  a  vortex  core  admits  Infinitesimal  dispersive  waves,  if  the 
wavelengths  of  wavy  disturbances  are  small  compered  to  the  length  scale  on  which  the  core 
characteristics  change,  then  the  waves  may  be  treated  approximately  as  If  they  were  propagating  on  a 
columnar  vortex.  Let  the  velocity  field  in  auch  a  columnar  vortex  be  (0,V(r),W(r ))  in  cylindrical 
(r,6,s)  coordinates.  The  radial  velocity  component  of  a  wavelet  has  the  form 

u(r,0,s,t)  -  Au0(r)exp{i(k(*-ct)-o9j)  +  c.c.  (A) 

where  Am0(r)  Is  a  complex  aaplltude  (A  being  constant)  describing  the  modal  structure,  c.c.  stands  for 
the  complex  coojugste  of  the  preceding  term,  and  c  -  w/k  Is  the  phase  speed  of  a  wave  of  angular 
frequency  w  In  the  z-dlrectlon.  Other  flow  disturbance  variables  in  the  wave  have  a  similar  form. 

The  Interpretation  of  supercriticality  or  subcrltlcallty  for  vortex  breakdown  flows  la  based  upon 
the  wave  propagation  characteristics  of  the  mean  flows;  this  Is  the  same  as  the  instantaneous  flow 
upstream,  but  the  instantaneous  downstream  fl«Tis  replaced  by  Its  tins -average,  which  Is  steady  and 
axlsymmetric.  Furthermore,  the  classification,  due  to  Benjamin  (7),  la  baaed  upon  propagation  of 
axlsymmetric  (n»0)  wavelets.  Flows  are  supercritical  according  to  Benjamin  If  the  minimum  phase  speed 
c  is  positive  (where  It  la  assumed  that  the  basic  flow  axial  velocity  V(r)  is  everywhere  positive),  so 
that  surfaces  of  constant  phase  cannot  propagate  upstream.  It  can  be  generally  shown  (see  Lelbovlch 
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(451)  that  1/  the  flow  is  stable,  there  are  two  branches  of  the  dispersion  relation  for  axlsymmetrlc 
v«m,  on*  corresponding  to  phase  speeds  c_(k )  less  than  the  ^nlmum  axial  velocity  of  the  basic 
flow,  and  ooe  having  phase  speeds  c+(k )  greater  than  the  maximum  axial  velocity. 

Benjamin  |7]  showed  that  the  general  effect  of  increasing  the  level  of  evlrl  la  to  reduce  Che 
elnlnua  value  of  c_,  so  that  Increasing  mtlrl  In  a  supercritical  flow  drives  It  towards  critical 
and  If  increased  enough,  the  flow  can  be  aade  su her It leal .  Since  the  aedlua  la  dispersive,  the 
ability  of  perturbations  to  propagate  upetreaa  Is  determined  by  the  group  velocity  Cg  -  3w/3k,  not 
the  phase  velocity,  and  Benjamin's  class If  lest loo  need  not  carry  the  Interpretation  given  to  It. 
Nevertheless,  Lelbovlch  f 45]  showed  that  Benjamin's  criterion  for  supercrltlcality  is  always 
consistent  with  a  definition  baaed  on  group  velocity;  furthermore,  since  c-  ♦  c  as  k  ♦  0,  flows 
that  are  suberic  leal  based  upon  a  phase  velocity  criterion  are  also  eubcrltfcal  based  upon  the  more 
fundamental  group  velocity  criterion.  Thus,  Benjamin's  classification  based  on  phase  velocities  Is 
coincident  with  a  one  baaed  on  group  velocities,  at  least  If  consideration  Is  restricted  to 
axleynmetrlc  modes. 

It  Is  not  generally  known  whether  the  group  velocity  of  nonaxl symmetric  nodes  Is  directed 
downstream  In  supercritical  flows  as  defined  above.  If  not  the  concept  of  criticality  Is  probably 
demolished.  For  the  few  special  cases  for  which  calculations  have  been  aade  (Tsai  4  Wldnall  [46|,  for 
flow  (2)  with  various  profile  constants  determined  by  Garg  (47);  and  Lelbovlch  4  Ha  (48],  for  the  flow 
(2)  with  W2*  0  and  a-1),  the  classification  remains  Intact. 

Criticality  Criterion  of  Onset 


The  wave  propagation  characteristics  of  s  vortex  core  change  with  axial  distance  as  the  core 
evolves.  This  process  Is  direct  In  a  leading  edge  vortex,  since  then  the  core  vortlclty  Increases 
along  with  axis.  In  the  case  of  tubes  of  variable  area,  the  vortex  propertlea  are  changed  by  the 
geometrical  constraints.  Squire  (6)  proposed  that  vortex  breakdown  first  becomes  possible  when 
conditions  in  the  vortex  are  critical.  The  model  he  used  for  his  Illustrative  calculations  was 
columnar  and  he  did  not  discuss  the  evolution  of  core  propertlea.  Nevertheless  he  must  have  had  in 
mind  the  evolving  vortex,  and  presumably  he  Intended  to  suggest  that  breakdown  would  occur  somewhere 
near  the  spot  where  critical  conditions  arise.  Thus,  the  presence  of  a  downstream  source  of 
disturbance,  such  as  a  trailing  edge  of  a  wing,  or  a  sudden  change  in  tube  area,  would  be  communicated 
by  wavee  propagating  upetreaa  through  the  tuber it leal  section  of  the  vortex  waveguide,  but  would  be 
unable  to  proceed  further  than  the  ststlon  at  which  critical  conditions  obtain. 

Benjaaln  [7]  criticised  this  conception,  pointing  out  that  the  group  velocity  at  criticality  le 
positive  in  the  downstream  direction,  so  that  in  a  columnar  flow,  disturbances  cannot  spread  upstream 
from  a  disturbance  source.  Had  Squire  described  (he  processes  In  an  evolving  vortex  core,  along  the 
lines  abovs,  Benjamin's  objsction  would  not  have  seemed  compelling. 

As  a  first  approximation,  the  location  at  which  critical  conditions  occur  In  a  vortex  can  be 
taken  as  an  estimate  of  breakdown  location.  This  may  be  refined  by  recognising  that  the  speed  of  e 
nonlinear  wave  lncressea  linearly  with  its  amplitude,  so  that  a  nonlinear  wave  can  penetrate  Into  the 
supercritical  region  of  the  vortex.  Thus,  a  mors  general  rave  theory  will  locate  e  breakdown  Is 
somawhat  upstream  of  the  critical  station.  Further  discussion  of  this  point  Is  deferred  to  the  letter 
pert  of  this  section. 

The  critical  condition  for  flows  with  given  velocity  profiles  can  be  computed  with  little  effort 
from  a  second-order  ordinary  differential  equation.  As  an  example.  I  have  computed  (using  boundary 
conditions  approrlate  to  unboundsd  domains,  see  Lelbovlch,  1970)  the  regions  of  supercritical  and 
subcrltical  flow  for  a  vortex  model  (2).  The  velocity  profiles  of  the  model  may  be  given  In  rescaled 
form  by 


W(r)  -  l  +  d  exp(-r2 )  (b) 

where  q  is  a  positive  constant,  and  6  >  0  In  an  approach  flow  (jet)  and  6  <  0  in  a  wake  flow.  As  seen 
in  (5b),  the  axial  velocity  tends  to  a  constant  as  r  +  •*,  and  this  speed  has  been  used  to  normalise 
the  velocities,  while  distances  are  normalised  by  the  radial  distance  at  which  the  axial  vortlclty 
e-folds  once,  a  measure  of  the  core  else  that  turns  out  to  be  close  to  the  radius  of  maximum  swirl. 

The  parameter  q  in  (5a)  was  introduced  by  Lessen  et  el  [49]  in  their  treatment  of  the  stability  of 
this  flow,  and  its  value  completely  determines  the  lnvlscld  stability  characteristics.  Consequently, 
q  le  retained  in  the  description  and  I  will  call  (5)  the  “Q-vortex“  henceforth. 

The  result#  of  the  calculation  are  shown  In  Figure  8.  Also  shown  there  are  regions  of 
Instability  according  to  the  theories  summarised  In  section  6.  I  have  also  located  on  this  plot  the 
approach-wake  transitions  reported  by  Cerg  4  Lelbovlch  [36]  and  deduced  from  their  Table  1.  For 
convenience,  the  reprocessed  data  Is  compiled  In  Table  1,  where  the  symbol  A  Identifies  approach  flow 
and  N  the  wake  flow.  The  Reynolds  number  is  given  first  with  respect  to  the  tube  radius  and,  in 
parenthesis,  with  respect  to  the  core  diameter  baaed  on  maximum  swirl  (as  in  Lelbovlch  ] 1 7 ] ,  Table 
1).  The  core  expansion  ratio  (Lalbovlch  (17])  is  also  shown:  the  ju^>  In  q  from  higher  values 
upstream  to  lower  ones  downstream  is  consistent  with  the  mixing  occurring  In  the  wake,  which  causes  an 
increase  In  core  diametei  and  consequent  reduction  In  peak  cors  vortlclty  (hence  a  reduction  In  q) 

Notice  that  all  approach  flows  are  eupercrlctical.  The  "distance"  from  criticality  Is  best 
smasured  by  the  Fronds-like  number  N,  introduced  by  Benjamin  (7] 

N  -  (c^  ♦  0/(e«.  "  O 

where  c+  and  c_  are  the  greeter  and  leaser  values  of  the  phaee  speed  for  waves  of  extreme 
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1 

Reynolds  number 
Breakdown  type 

A 

or 

w 

6 

9 

N 

Core  expansion 
ratio 

(•) 

11,480  (1920) 

A 

0.89 

1.98 

1.86 

1.64 

s 

w 

-0.72 

1.45 

0.60 

(b) 

11.480  (1920) 

A 

1.58 

1.59 

1.32 

2.45 

B 

U 

-0.94 

0.97 

0.44 

(c) 

14,100  (2812) 

A 

0.97 

1.86 

1.47 

1.78 

S 

W 

-0.94 

1.43 

0.57 

14,100  (2812) 

A 

1.4 

1.62 

1.37 

1.97 

B 

W 

-0.87 

1.18 

0.45 

20.160  (3348) 

A 

1.04 

1.85 

1.42 

2.1 

S 

W 

-0.82 

1.38 

0.46 

20,160  (3348) 

A 

1.48 

1.64 

1.32 

2.76 

B 

W 

-0.91 

1.04 

0.45 

Table  l.  Data  f roa  refs. (17,36)  with  values  of  Froude  nuaber  N  appended.  First  Reynolds  nuaber  Is 
baaed  on  tube  radius;  nuaber  in  parenthesis  is  based  on  core  disaster  (17).  A,W  refer  to 
data  in  approach  or  wake  flows;  B,S  lap lies  transition  via  bubble  or  spiral  breakdown. 


length.  For  prescribed  values  of  6  end  q,  N  nay  be  found  froa  the  date  in  Figure  8.  To  find 
(c  ,c_)  for  a  noncrltlcal  flow  with  given  (6,q),  relabel  the  abscissa,  letting  It  be  1;  and 
let  the  positive  branch  of  the  continuous  curve  separating  sub-  and  eupercrltcal  regions  be  1^, 
and  the  negative  branch  be  1_.  Given  q,  two  values  lt<q)  are  defined,  and 

c+  -  aax( 1  -  «t+,  1  -  U  ).  c_  -  nin(l  -  6t+,  1  -  6l_) 

In  wake  flows,  -1  <  6  <  0,  and  t_  <  -1.  It  is  understood  that  flows  with  axial  velocity  reversals 
are  excluded  froa  the  discussion. 


t 


Conjugate  Flow  States 

For  soae  applications,  including  aerodynamic  ones,  the  details  of  the  transition  region  are  not 
as  important  as  the  position  of  breakdown  and  the  general  properties  of  the  flow  following  it.  A 
method  of  determining  the  wake  properties  froa  the  approach  flow,  like  shock  juap  conditions,  nay 
suffice. 

Benjamin's  [7]  theory  of  conjugate  flows,  does  not  provide  ju^>  conditions,  but  It  does  ala  at 
relating  the  downstreaa  flow  to  the  approach  flow  without  considering  the  structure  of  the 
transition.  The  theory  is  cast  in  teraa  of  steady,  lnvlscld,  and  axisyaaetrlc  notion,  which  as  is 
well  known  (cf.  ref.  (7)),  is  described  by  a  single  equation  for  the  Stokes  streaaf unction,  f.  In 
cylindrical  coordinates,  the  equation  is 

*rr  -  t  *r  +  ‘  ■'<♦>  *  «’(♦),  (7) 

where  subscripts  indicate  partial  derivatives.  H  is  the  total  head  and  (except  for  a  factor  of  2w)  K 
is  the  circulation;  both  are  functions  of  p  alone, 

H  -  I  p  +  I  (u2  +  v2  +  w2  ) 

P  2 


where  the  (r,8,s)  velocity  components  are  (u,v,w).  The  functional  forms  of  B*  and  K  may  be  deteraloed 
if  all  streaallnes  intersect  a  plane  z  ■  constant  upon  which  the  pressure  and  velocity  are  known. 

These  functions  typically  are  highly  nonlinear  (and  not  Galilean  Invariant).  For  example,  the  vortex 
model  (2)  with  w2  •  0  has 


H'(*)  *  ai2  U-e-**! 

F  -  1-.-8 |  ,  s  .  , 

IF  Wj  »  0,  In  the  sale  lode  1 , 

H*(,)  -  .a2,{l  -  aq2/ln(l  - 
K  •  2aq*  ,  q  •  I/V2, 


(») 


20,/Wjl)  -2aW2 


(10) 


while  Hall's  [21]  conical  vortex  model  has 


«'(♦)  -  C* 

»<♦)  -  x.1/2 

whara  C  and  X  srs  constants. 
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Benjamin  I?)  considers  coluanar  solutions  +  -  y(r )  in  tha  cylinder  0  <  r  <  a.  Assuming  that  a 
supercritical  flow  (0,  V(r),  U(r)>  is  prescribed,  the  corresponding  functions  H  and  K  can  be  found, 
and  the  prescribed  supercritical  flow  is  obviously  a  solution  of  (7).  Typically  other  solutions  to 
(7)  will  exist,  however,  with  the  seas  functional  foraS  for  H  and  K;  if  so,  then  Benjamin  shows  that 
they  are  necessarily  subcrltlcal  and  have  larger  values  of  the  momentum  flux 


a 

S  -  2s j  (p  ♦  pW2)rdr, 

0 

which  Benjamin  calls  the  "flow  force”.  These  properties  were  placed  on  a  rigorous  mathematical 
footing  by  Praenkel  (50).  The  defining  supercritical  flow  and  a  second  solutioo  (assuming  it  exists) 
with  S  closest  to  the  value  of  S  of  the  defining  flow  are  called  a  conjugate  flow  pair. 

The  conjugate  flows  do  not  represent  an  analog  of  a  shock  jump  condition,  however.  Since 
moment ta  must  be  conserved,  two  flows  in  the  same  cylindrical  space  can  be  connected  only  if  they  have 
the  same  value  of  S  (neglecting  wall  friction).  This  is  possible  only  if  energy  la  dissipated  or 
radiated  away  by  the  (unsceady)  formation  of  waves  in  a  transition  region  that  is  outside  the  scope  of 
the  analysis.  Benjamin  (7)  shows  that  the  formation  of  waves  leads  to  a  reduction  in  S  and  his 
conception  of  Idealised  vortex  breakdown  is  the  transition  between  an  upstream  supercritical  flow  and 
a  downstream  flow  consisting  of  the  subcrltlcal  conjugate  and  a  superposed  wavetraln. 

As  in  the  theory  of  normal  shocks,  the  level  of  supercriticality ,  measured  by  the  Froude  number 
N,  at  which  a  breakdown  occurs  cannot  be  specified,  but  Benjamin  argues  that  slightly  supercritical 
conditions  are  most  dangerous  for  the  occurence  of  "spontaneous”  breakdown. 

Hall  (9)  criticised  Benjamin's  theory  on  the  grounds  that  it  does  not  offer  an  advance  of 
Squire's  (6|  simpler  Idea  In  providing  a  prediction  of  the  occurrence  and  location  of  breakdown;  and 
that  the  concept  of  reduction  of  S  by  waves  Is  supported  only  by  weakly  nonlinear  theory,  idtereas  the 
perturbations  occurlng  in  breakdown  are  oecessarlly  large.  The  most  serious  weakness  of  Benjamin's 
(7)  thsory  In  rny  View  t*  that  there  Is  no  clear  way  to  relate  it  to  experiments  which,  at  high 
Reynolds  numbers,  slwsys  have  unsteady,  nonsxl symmetric  wakes.  The  only  conceivable  way  to  relate  the 
thsory  to  sxperimsnt  is  to  regard  the  streamfunctlon  appearing  in  the  theory  as  the  streamf unction  for 
the  time -averaged  flow  in  the  wake,  which  la  axlally-symmetrlc  and  steady.  If  this  Is  done,  however, 
there  Is  no  need  for  the  total  pressure  H(p)  in  the  wake  to  have  the  eame  functional  form  as  It  has 
in  the  supercritical  defining  flow  upstream.  The  correspondence  between  the  functions  for  H  In  the 
conjugate  states  can  be  destroyed  simply  by  unsteadiness,  and  does  not  require  energy  dissipation. 

Thus  to  accept  Benjamin's  theory,  which  has  provided  such  a  wealth  of  useful  concepts,  requires  an  act 
of  faith  for  which  no  scientific  basis  has  yet  been  provided. 

Nonlinear  Wavs  Models 


The  linear  long  wave  model  of  Squire's  16)  leads  to  the  critical  condition.  If  the  basic  vortex 
flow  forae  s  waveguide  with  slowly  changing  characteristics  then,  as  outlined  above,  disturbances 
crested  downstream  can  penetrste  upstresa,  the  long  waves  coming  to  rest  near  the  section  of  the 
vorte;.  where  critical  conditions  are  reached.  This  picture  of  breakdown  as  a  wave  provides  a  simple 
conceptual  framework  that  explains  qualitative  features  concerning  the  location  of  breakdown  and  its 
movement  In  reeponae  to  the  variation  of  experimental  control  parameters. 

Without  accounting  for  finite  wavelength,  however,  the  region  of  wavy  dlaturbances  can  have  no 
beginning  in  a  waveguide  of  fixed  characteristics,  the  case  explicitly  treated  by  Squire,  while  if  the 
waveguide  varies,  the  long  waves  have  a  singularity  at  the  critical  station  entirely  analogous  to  that 
arising  in  linearised  gas dynamics  at  the  sonic  condition. 

The  removal  of  these  difficulties  requires  the  inclusion  of  finite  amplitude  end  finite 
wavelength  effects  and  provides  a  wave  model  that  is  free  of  these  inconeiatenciee.  Furthermore,  the 
enlarged  wave  theory  shows  that  the  position  of  breakdown,  regarded  as  the  location  at  which  the  wavs 
la  arretted,  lies  in  the  supercritical  region  of  the  waveguide  and  allows  some  structural  information 
In  the  breakdown  cons  to  be  inferred. 

Nonlinear  wavs  theory  is  developed  and  applied  to  vortex  breakdown  in  papers  by  Benjamin  [10], 
lelbovlch  [11],  Lelbovlch  6  Randall  [12],  and  Randall  4  Lalbovich  [13].  The  first  two  papers  deal 
with  columnar  waveguides,  while  the  second  two  deal  with  slowly  varying  vortex  waveguides  and  provide 
a  "transcrltlcal”  theory  for  the  problem  related,  rather  distantly,  to  transonic  theory. 

Benjamin  [10]  first  showed  that  axlally-eyametrlc  solitary  wave  solutions  are  possible  in  a 
columnar  vortex,  that  they  are  the  only  disturbances  of  permanent  form  that  can  arias  in  the  absence 
of  energy  lose,  end  that  they  are  stationary  in  a  supercritical  stream.  Banjamin'a  paper  is  mainly 
concerned  with  infinite  wave trains  of  finite  amplitude;  the  only  example  of  a  solitary  wave  presented 
leads  to  an  acceleration  of  flow  along  the  vortex  axle  rather  that  a  deceleration  as  required  for 
breakdown.  Lelbovlch  (Ul*  In  a  further  development  of  Benjamin's  work,  showed  that  axiayametrle 
waves  of  email  but  finite  aaplltude  propagating  on  a  columar  vortex  have  a  Stokes  streeaf unction  of 
the  form 


The  Knrteveg-deVries  equation  has  solutions  describing  waves  of  permanent  form,  the  "sol it one" , 
which  evolve  from  initial  conditions  of  rsther  general  type;  they  are  the  solitary  waves  known  since 
the  nineteenth  century.  The  eolltou  with  unity  as  maximum  value  of  the  amplitude  A  propagates,  in  the 
notation  used  in  equation  (13),  at  a  speed  c^  -  eo/3  if  ta  is  positive,  as  it  turns  out  to  be  in 
examples  of  realistic  basic  vortex  flows.  The  dependence  of  wave  speed  on  wave  amplitude  is  again 
analogous  to  gas dynamics ,  but  here  the  medium  is  dispersive  and  waves  of  permanent  form  can  develop 
without  dissipation.  From  this  dependence,  one  concludes  (Benjamin  (101,  Leibovich  (11])  that  the 
sollton  is  stationary  if  the  flow  upstream  of  it  is  supercritical.  If  the  amplitude  parameter  c  is 
allowed  to  take  any  value,  instead  of  the  small  ones  for  which  the  theory  has  asyaptotlc  validity, 
then  the  sollton  can  create  a  stagnation  point  on  the  axis  and  axial  flow  reversal  (111. 


Being  close  to  critical  has  no  effect  on  waves  in  a  cylindrical  tube,  but  has  a  large  effect  on 
waves  in  a  tube  of  variable  area.  Leibovich  A  Randall  [12]  showed  that  a  different  procedure  is 
needed  to  find  the  structure  of  weakly  nonlinear  waves  in  nearly  critical,  or  “transcritical"  flow; 
their  theory  was  applied  to  breakdown  by  Randall  A  Leibovich  (13]  when  the  deviation,  g(t),  of  the 
tube  area  from  its  maximum  value  la  small  and  changes  slowly  with  c,  so  (dg/dt)/g  is  small  compared  to 
the  wavelength  of  the  disturbance.  The  equation  describing  waves  on  a  nearly  critical  flow  in  such  a 
slowly  varying  waveguide  is  (in  notation  differing  from  the  original) 


At  -  tjoAA^  ♦  “  vA}.  (13) 

Here  a,  0,  a  are  again  computed  constants,  and  v  la  a  computed  constant  times  an  Inverse  Reynolds 

number  based  upon  wavelength.  Randall  and  1  explored  the  consequences  for  breakdown  ensuing  from  the 

adoption  of  (15)  and  the  associated  Stokes  streamf unction  and  circulation 

t  -  T(r)  +  Mr>l*<*>  "  «A(*,t)),  rv  -  K(T)  +  "  cA(s,t)], 

where  y0  is  given  in  terms  of  +0,  as  a  model  for  the  flow  without  restriction  to  small  c.  The 
presence  of  dissipation,  represented  here  by  v,  turns  out  to  be  important.  Molecular  diffusion,  as 
assumed  In  Randall  A  Leibovich  (13],  is  probably  negligible  as  a  source  of  dissipation  in  vortex 
breakdown  at  high  Reynolds  numbers,  but  I  believe  that  another  form  of  ’apparent  dissipation’,  to  be 

explained  in  section  7,  is  significant  and  that  v  should  be  based  upon  it. 

Equation  (15)  has  solutions  resembling  solitary  waves.  Assuming  the  tube  diverges  in  the 
downstream  direction,  the  area  changes  cause  waves  to  amplify  as  they  propagate  upstream,  and  decay  as 
they  move  downstream.  The  possible  ultimate  equilibrium  position  of  a  finite  amplitude  wave  is 
closely  estimated  by  the  roots  of  the  equation 

odg/dx  +  2v  -  0.  (16) 

In  the  problem  that  Randall  and  I  considered  (and  which  we  thought  was  a  reasonable  model  of 
j  Sarpkaya's  (30]  experiments,  a  >  0.  If  v  is  to  represent  dissipation,  then  v  >  0  ,  and  the  solutions 

must  lie  in  a  portion  of  the  waveguide  where  dg/da  <  0,  or  where  the  tube  is  diverging.  For  problems 
of  flow  in  an  initially  straight  tube  that  flares  out  and  then  becomes  straight  again,  there  are  two 
*  equilibria  points  and  s2  >  *i-  Only  the  upstream  point  is  stable,  however,  in  the  sense  that 

waves  passing  it  in  either  direction  experience  a  restoring  tendency  owing  to  the  amplitude-speed 
behaviour  of  the  waves. 

If  the  wave  la  to  be  stationary  at  slt  it  must  have  a  definite  amplitude.  Without  loss  of 
generality,  the  wixlmum  value  of  A  can  be  set  at  unity,  and  the  condition  that  the  wave  be  stationary 
at  i]  then  fixes  the  amplitude  parameter  at 

€  •  3g(*i).  <17> 

For  the  conditions  obtaining  in  experiments  containing  vortex  breakdown,  the  computed  value  of  t  is 
not  small  and  the  resulting  flow  calculated  contains  a  stagnation  point.  For  the  basic  flow  model 
selected  as  representative  of  Sarpkaya's  experimental  data,  Randall  and  I  found  a  streamline  pattern 
containing  a  stagnation  point  and  a  recirculation  bubble.  The  result  mas  interesting  because  there 
are  no  adjustable  constants  in  the  theory;  the  fact  that  a  reversed  flow  region  exists  is  apparently 
I  the  only  possibility  if  the  disturbance  is  to  remain  stationary]  Furthermore,  the  core  radius  of  the 

♦  basic  vortex  and  the  radius  of  the  'bubble'  of  reversed  flow  are  approximately  the  same,  as  observed 

|  in  experiment. 


Much  has  been  made,  mostly  by  me  |10,17),  of  the  feet  that  the  sense  of  the  swirl  velocity 
reverses  as  one  crosses  a  dividing  streamline  of  a  recirculation  cone  embedded  In  an  Invlscld  swirling 
flow  if  the  functional  fore  of  the  circulation  K(p)  (In  the  notation  of  equation  (6))  la  analytically 
continued  f roe  the  outside  of  the  closed  streamline  region  where  it  Is  defined  to  the  Inside.  This 
reversal,  being  laposslble  without  an  applied  torque,  was  oonsldered  a  serious  weakness  of  the 
interior  solutions  found  for  the  region#  of  reversed  flow.  I  now  believe  that  this  qualitative 
inconsistency  is  easily  removed.  It  has  always  been  known  (see  Imlbovlch  [51,17])  for  discussions  in 
the  context  of  vortex  breakdown)  that  a  different  functional  form  for  K(f)  nay  be  choeen  for  the 
Interior.  This  cannot  be  done  arbitrarily  If  the  ehape  of  the  dividing  streamline  Is  to  be 
maintained,  because  the  interior  and  exterior  pressures  suet  balance  on  all  points  of  the  streamline, 
and  an  alteration  of  K(p)  altera  the  pressure  distribution.  Having  found  a  dividing  streamline  using 
a  alngla  functional  form  for  K(p),  however,  one  can  maintain  its  shape  by  the  replacement  of  K(+)  by 
-K(Ji)  In  the  interior;  all  dynamical  balances  are  thereby  unchanged  end  no  swirl  reversal  then  occurs. 

6.  INSTABILITY  OP  INVISCID  COLUMBIA!  VORTICES 

It  is  fortunate  that  great  stretches  of  vortex  flows,  even  those  in  which  breakdown  occurs,  can 
be  approximated  as  columnar,  since  the  columnar  vortex  Is  analogous  to  the  parallel  model  of 
two-dimensional  basic  flows.  It  is  also  fortunate  that  experimentally  observed  velocity  profiles  of 
vortices  undergoing  breakdown,  at  least  In  some  carefully  studied  examples,  can  be  fitted  reaeonably 
well  by  the  analytically  simple  family  of  profiles  given  by  equation  (2)  (the  Q-'vortex),  and  that  some 
results  are  known  about  the  stability  of  this  family.  The  stability  analysis  of  the  Q-vortex  la 
Intricate  and  delicate  and  a  complete  characterisation  Is  not  yet  available.  Nevertheless,  I  will 
review  what  la  known  shout  Its  stability,  and  then  general  criteria  for  stability  and  instability  of 
columnar  vortices.  Attention  will  be  restricted  throughout  to  inviacid  motions.  Finally,  I  shall 
discuss  the  application  of  the  results  to  the  analysis  of  experimental  data  in  vortices  suffering 
breakdown. 

Suppose  the  beelc  flow  to  be  analysed  Is  described  In  cylindrical  (r,0,z)  coordinates  by  the 
velocity  vector 

v  -  (O.V(r).W(r)). 

If  the  flow  is  Invlscld,  the  functional  forms  of  V  and  «  are  arbitrary.  Ths  problem  governing  the 
linear  Invlscld  temporal  stability  of  columnar  vortices  to  three  dimensional  disturbances  of  normal 
mode  form  exp(l(kx  -  n6  -%*)}  Is  the  Roward-Gupta  [52]  eigenvalue  problem 

d[sD^u]  -  {l  +  a(r)/ni  +  b(r)/y2}u  •  0 
uUi)  -  u(R2)  -  0. 

where  R!  and  R2  are  the  boundaries,  0  <  <  R2  <  «•»  J()  =  d()/dr,  D  ()=  D()+()/r,  end  s(r), 

b(r),  and  S(r)  era  prescribed  functions  of  the  basic  flow,  and  of  thl  assigned  reel  wavenumbers  k  and 

n.  The  function  y  is  the  (negative)  Doppler-shif ted  frequency,  and  is  given  by 

y  •  k»v  -  k  •  (0,-o/r,k)  (I9a,b) 

where  k  Is  the  wavenumber  vector  of  the  assumed  normal  mods,  and  the  frequency  at  is  to  be  found  as  the 
eigenvalue.  The  function  S(r)  -  l/(k*k)  la  just  a  geometrical  quantity.  The  functions  a(r)  and  b(r) 
are  given  by 

«(r)  5  orD[Sr'‘l>Y  -  nr-3v], 

(20) 

b(r)  =  -2kr~zVS[krD^V  +oM]. 

The  latter  quantity  plays  an  Important  rola  lo  the  work  to  be  described  In  this  paper.  It  Is  of 
lntertst  to  note  here  that  b(r)  has  a  simple  kinematic  Interpretation.  Let  c  he  the  vortldty  vector 
of  the  beelc  flow  and  let  ft  ■  (V/r)e  be  the  angular  velocity  vector  of  a  ring  of  fluid  particles 
of  radius  r  In  the  beelc  flow,  where  e  Is  a  unit  vector  In  the  direction  of  s-lncreaslng,  and  let 
e  ■  k/(k*k)  be  a  unit  vector  normal* to  the  wevef roots  of  the  assumed  normal  mode  dlsturbence. 
fKen  ”  ~ 


b(r)  -  -2(ev«Q)(e(f*£). 


Studies  of  the  Q-Vortex  Model 


Lessen,  Singh,  and  Palllet  [49}  Investigated  the  stability  of  the  flow  with  velocity  vector  v, 
given  In  cylindrical  coordinates  (r,8,x)  by 

V  -  qr“l [ l-exp(-r2 ) ] ;  W  -  exp(-r2),  (2 

where  r  ranges  from  sero  to  infinity.  There  Is  no  loss  In  fsnerallty  if  q  is  taken  to  be  positive, 
and  this  will  be  assumed.  This  form  serves  (by  a  Galilean  shift)  as  a  modal  of  flowa  with  slthor 
jat-llka  or  wake-like  axial  velocity  components  of  model  (2)  or  Its  equivalent,  aquation  (5).  The 
Galilean  shift  doaa  not  affact  stability  qua* t ions,  nor  therefore  does  the  jet-llka  or  wake-like 
character  of  the  axial  velocity  profile:  stability  or  instability  Is  characterised  only  by  the 
parameter  q.  Similarly,  the  stability  of  a  columnar  vortex  with  another  sat  of  profiles  seems  to 
depend  upon  the  dal  mum  value  over  r  of  the  quantity 


which  Is  constant  for  the  Q-vortex. 


According  to  the  results  of  numerical  studies  by  Lessen  et  al  (49)  (supplemented  by  additional 
calculations  by  Duck  &  Foster  (S3),  and  by  Lelbovlch  4  Stevartson  (54)),  the  Q-vortex  Is  unstable  to 
three  dimensional  disturbances  with  norms  1  modes  of  the  form  exp (i(kz-n6-«>t )  provided  q  <  qj.  The 
precise  value  of  (Indeed,  the  existence  of  this  upper  bound)  Is  unknown,  but  It  Is  known  to  exceed 
1.58.  Hodes  with  positive  azimuthal  wavenumbers  n  are  found  to  be  the  most  dangerous. 

A  plot  of  growth  rate  (w^  •  laag(w))  against  axial  wavenumber  (k)  found  by  Lessen  et  si  (49) 

for  q  -  0.8  is  shown  In  Figure  9.  Notice  that  the  maximum  growth  rate  Increases  with  n,  at  least  up 

to  the  largest  value  (6)  of  n  considered.  This  makes  one  wonder  If  wj  continues  to  Increase  with  n 

indefinitely,  or  whether  there  is  a  most  unstable  wave  at  a  particular  value  of  n.  If  the  former  case 

holds,  does  approach  a  finite  Halt  as  k  ♦  •,  or  does  It  Increase  without  limit?  These  questions 
were  considered  by  Lelbovlch  &  Stewartson  (54).  They  showed  that,  on  energy  stability  grounds, 
cannot  exceed  the  maximum  value  of  the  rate-of -strain,  a,  of  tha  basic  flow,  where 

•  -  [ (rDfl)2  ♦  (DW)2]l/2, 


a  s  V/r  is  the  angular  velocity  of  the  basic  flow.  Furthermore,  detailed  considerations  of  the 
asymptotic  behaviour  obtaining  as  n  ♦  -  revealed  that  w*  approached  a  value  o^i  from  below  In  the 
Itmlt  n  ♦  Although  originally  derived  for  the  Q-vortex,  the  result  generalises  and  holds  for 
arbitrary  profiles  V(r)  snd  W(r)  and  does  not  require  chat  the  flow  be  in  a  radially  Infinite  region. 
The  generalized  value  Is 


u-1  -  «.x[-VDfl(DW/.)2[2  +  J(r)|]l/2, 
J(r)  -  2(Dfl)D(rV)/(DW)2 , 


(23) 


The  function  J(r)  is  a  local  Richardson  number,  based  upon  the  geometric  mean  of  the  angular  velocity 
gradient  Dfi  and  the  circulation  gradient  D(rV),  which  should  be  compared  to  the  Richardson  number 
arising  in  the  stability  criterion  of  Howard  &  Gupta  (52)  (to  be  discussed  in  the  next  section),  in 
which  Do  is  replaced  by  (l/r. 


General  Stability  Criteria  for  Columnar  Forties*  and  Further  Results  for  the  Q-Vortca 

If  the  flow  Is  Invlscld,  V  and  W  can  have  arbitrarily  prescribed  functional  forms.  The  special 
cases  having  W(r)  -  0  will  be  referred  to  as  "pure"  vortices.  Stability  results  of  s  general  nature 
are  as  follows: 


(I)  (Rayleigh  (55,56);  Synge  (571)  A  pure  Invlscld  vortex  is  stable  to  Infinitesimal  axlsymmstrlc 
perturbations  If  (Rayleigh)  and  only  if  (Synge) 

*  5  r'JD(K2)  >  0.  (24) 

where  K(r)  =  rV(r)  as  In  previous  sections  of  this  paper. 

Note  that  Synge's  contribution,  which  Is  a  sufficient  condition  for  instability,  is  more 
definite  than  Rayleigh's,  which  is  s  sufficient  condition  for  stability,  since  one  cannot  guarantee 
stability  to  nonaxlsywetrlc  perturbations  from  Rayleigh's  work. 

(II)  (Rayleigh  |55);  Fjortoft  (58))  A  necessary  condition  for  the  instability  of  a  vortex  to 
nonaxl symmetric  two-dimensional  disturbances  Is  that  the  vortlclty,  c  -  r^Df,  have  an  extremum 
In  the  Interior  of  the  fluid  (with  the  axis  r  -  0  considered  a  boundary  point.  If  It  la  not 
excluded  from  the  flea#  domain).  This  is  the  inflection  point  criterion  applied  to  swirling 
flows.  Thus,  s  vortex  with  monotonic  vortlclty  Is  stable  to  two-dimensional  disturbances. 

This  condition  is  strengthened  by  a  refinement  of  FJortoft's.  A  necessary  condition  for 
instability  of  a  pure  vortex  to  two-dimensional  disturbances  is  that 

(ft(r)  -  fi(rk)|(0r)  <  0  (25) 

in  soma  region  In  tha  flow,  where  rj  Is  s  point  at  which  Dc  "0. 

Aa  In  parallel  flows,  this  argument  can  be  taken  a  step  further  (although  we  arm  not  aware  of  ltt 
having  been  done  In  the  literature)  to  virtually  ensure  instability  If  the  angular  velocity  profile  le 
monotonic,  the  vortlclty  {  has  a  single  extremum  In  the  flow  at  r  -  r j ,  and 

lfl(r)  -  tt(r,)I(Dr)  <  0  (26) 

throughout  the  flow.  Then  tha  equality  holds  only  at  r -r  j  and,  by  a  mall  known  argument  due  to 
Friedrichs,  e  regular  nautral  mode  exists  with  u  -  -nQ(r}),  where  n  le  the  azimuthal  wavenumber  of 
normal  modes  behaving  Ilka  oxp(-l(n8  ♦  wt )  ] .  An  equally  well  kn<mm  calculation  of  Tollmeln's  a  Howe 
one  to  compute  contiguous  unstable  modes,  assuming  they  exist.  Since  the  likelihood  of  a  regular 
neutral  mode  being  isoleted  la  small,  condition  (26)  provides  a  reasonable  expectation  that  a  flam  of 
this  kind  la,  in  fact,  unstable. 

(III)  (Howard  6  ftipta  (52))  in  the  presence  of  an  axial  velocity  component,  Howard  4  Gupta  were 
able  to  generalise  condition  (24)  to  one  of  Richardson  number  type.  They  show  that  If 

J  =  ,/(W)2  >  1/4,  (27) 


then  the  flow  la  stable  to  axially  symmetric  disturbances.  For  the  Q-vortex,  this  guarantees 
stability  to  Inf lnltoelmel  n-0  disturbances  If  qX).403. 


They  also  derived  a  semldrcle  theorem  for  axlsyvMtrlc  perturbations  which  guarantees  Chat  unstable 
•odea,  if  they  exist,  have  critical  layers.  Bara  too  (59)  has  produced  a  wore  flexible  method  of 
deriving  seed  circle  theorems  which  Is  applicable  to  swirling  flows  with  mon-axlsymmetrlc 
perturbations.  Ho  general  conclusions  concerning  critical  layers  seem  to  emerged  yet  from  that  work, 
however. 

(lv)  (Ha si owe  &  Stewartsoo,  (60))  Swirling  flow  In  a  pipe  or  annulus  of  radius  a  la  unstable  if 

V(a)  *  0,  DU(a)  *  0.  (2d) 

This  raault  la  obtained  by  generalising  tha  asymptotic  analysis  (as  n  ♦  «•)  of  the  problem  a  rigidly 
rotating  Polsaulla  flow  In  a  pipe. 

(v)  (Lelbovich  6  Stewartsoo  (54))  A  suf f Iclsnt  condition  for  tha  instability  of  a  columnar 
vortax  la 

VBQ[0QDr  +  <B»2]  <  0.  (29) 

This  condition  can  be  related  to  Kay  lei  gh  'a  mechanism  of  centrifugal  instability,  but  bars  an 
axial  velocity  la  permitted,  end  the  pertur  bet  lone  are  not  restricted  to  axial  ly-eysnm  trie  ones.  This 
connection  has  already  been  made  by  Ludwlag  (14),  who  derived  It  for  flow  in  a  narrow  annular  gap  by 
ingenious  physical  reasoning.  Ludwlag 'a  darlvatlon  of  (29)  did  not  permit  its  status  (necessary  or 
sufficient  for  stability)  to  be  determined,  and  an  'Improved**  criterion  derived  schematically  by 
Ludwlag  (15)  for  lnvlsdd  flows  In  a  narrow  annular  gap  la  not  applicable  to  general  flows.  Ha  mil 
now  show  that  (29),  which  follows  as  a  consequence  of  equation  (23),  analytically  derived  by  Lalbovlcfa 
6  Stewart son  (54),  la  an  Indication  of  a  centrifugal  Instability.  First,  we  note  that  at  each  value 
of  the  radius,  the  basic  flow  hee  ono  principal  axis  of  its  rate-of -strain  tensor  which  corresponds  to 
zero  rate-of -strain.  This  axle  la  tangent  to  the  cylindrical  surface  r  ■  constant  and  its  direction 
Is  Indicated  by  tha  vector  v  in  figure  2.  Positive  values  of  the  growth  rate  (23)  ere  possible  If,  In 
the  normal  mode  analysis,  t  Kit  re  la  a  radial  position  r  -  r0  In  tha  basic  vortax  for  which  (a)  tha 
coefficient  b(r0 ),  as  given  by  equation  (24),  la  positive,  end  for  dklch  the  wavenumber  vector  k  of 

the  disturbance  aa  given  by  (22b)  la  parallel  to  tha  principal  axis  corresponding  to  zero 

rate-of -strain  of  the  basic  flow.  In  a  spiral  coordinate  system  with  one  axis  aligned  with  the 
direction  of  wave  propagation,  tha  flow  flold  appears  to  be  locally  two-dimensional  at  rwr0. 
Furthermore,  If  tha  basic  flow  vortlclty  and  angular  velocity  are  projected  onto  tha  direction  of  wave 
propagation,  the  function  b(r)  la  tha  negative  of  Rayleigh's  parameter.  If  the  flow  le  locally  a 
pure  vortex  end  b(r)  >  0,  than  tha  laylalgh/Slngh  stability  criterion  is  violated,  and  tha  flow  la 
centrlfugally  unstable.  This  la  tha  local  picture  it  r  *  r0  In  the  curvilinear  coordinate  system 
described ;  the  existence  of  such  aa  r0  with  b(ru )  >  0  le  guaranteed  when  (29)  la  satisfied. 

The  criteria  (l)-(v),  to  gr  knowledge,  are  the  only  general  stability  results  available  for 
lnvlsdd,  lnco^ressibla  vortex  flows  with  continuous  velodty  profiles.  It  is  notable  that  mast  of 
than  are  restricted  to  either  pure  vortices  or  to  >xi  ay— trie  disturbances .  Detailed  numerical 
studies  of  special  cases  in  both  In  viscid  and  viscous  flows  Indicate  that  axial  velodty  shears  are 

destabilising  (Pedley  (61,62);  Mackrodt  (63);  Maslova  (64);  lessen  at  al.  (491 •  Leaaan  4  Pal list 

(65);  Duck  6  Poster  (53);  Foster  and  Duck  (66)  and  that  the  moat  dangerous  modes  are  not  axially 
symmetric.  Tha  only  definitive  general  results  known  to  bo  applicable  to  these  flows  arm  (lv)  and 
(v). 

On  tha  other  head,  these  results,  both  suf fl dent  conditions  for  Instability,  are  know  from 
apedel  cease  mot  to  be  necessary  for  Instability.  For  axaapla,  for  tha  Q-vortex,  criterion  (29)  la 
satisfied  for  q  <  /2  and  la  not  aatlafiad  for  larger  values  of  q,  but  it  is  knows  from  numerical 
computations  that  tha  flow  la  unstable,  at  least  for  tha  smaller  values  of  n,  for  value*  of  q  larger 
than  /2.  Furthermore,  marginal  Instability  of  tha  lnvlsdd  flow  la  likely  to  bn  determined  by  tha  n  • 
1  mode,  and  mil  occeur  at  q  ■  qt;  qlf  assuming  that  a  finite  value  exists,  la  known  to  exceed  1.58. 

When  (29)  la  aatlafiad,  tha  analysis  of  Lelbovich  &  Stewartsoo  (54)  shown  that  lnvlsdd  modes 
mth  arbitrarily  large  axlmuthal  wavenumbers  arm  exdtad.  The  numerical  evidence  for  tha  vortax  model 
(22)  further  shows  that  if  an  axlmuthal  node  nx  la  axdtad,  than  all  modes  mth  0  <  a  <  are  also 
axdtad.  In  suck  cases  them,  tha  satisfaction  of  criterion  (29)  Uglies  that  la  the  absence  of 
vlecoolty  an  Infinite  number  of  modes  simultaneously  have  a  finite  growth  rata.  This  wiggmata  that 
for  large  Reynolds  number,  (29)  la  a  criterion  for  mesalve  instability  and  transition  to  turbulence. 

Application  of  Stability  Results  ta  Fort ex  Rraafcdamn  Flows 

Garg  6  Lelbovich  (3d)  report  experiments  upstream  and  downstream  of  vortex  breakdowns  of  both  tha 
B-  and  tha  5-forms  to  which  1  have  already  referred.  Ia  addition  to  moan  flow  measurements,  they  also 
report  on  an  extensive  set  of  measurements  of  power  spectra  that  reveal  strong  low  frequency  periodic 
oscillations  in  tha  wakes  of  both  break  doom  forme;  similar  osdllatloma  had  bean  reported  earlier  Ip 
Faler  4  Lelbovich  (17)  to  occur  la  the  Interior  of  the  recirculation  soma  of  «  R-form  of  breakdown. 

Be  cause  the  nano  velodty  profiles  ta  both  the  approach  and  woke  floes  cam  bo  fitted  mth  good 
accuracy  to  tha  Q-vortex  profiles,  they  more  able  to  apply  tha  results  of  Leaaan  at  el  (49)  to  show 
that  the  oadlletloe  frequency  la  tha  make  agreed  mth  tha  frequency  of  the  a  •  1  mode,  Tha 
upstream  as  sen  r  ameer  stations  all  warm  sufficiently  far  from  tha  broakdoam  soma  to  anauro  that  tha 
aaauapt&on  of  colour  flew  m  4  a  good  one.  Traversas  at  several  downstream  stations  mate  takes,  end 
tha  esse  date  at  tha  ststloas  sufficiently  far  downs t ruse  mm  thought  to  be  columnar  to  en  acceptable 
approximation,  furthermore,  the  volume  of  q  la  tha  wakes  la  all  experiments  performed  warm  luma  than 
1.58,  therefore  leas  thou  tha  critical  value  for  Instability  to  asaaxlaymmBtrlc  disturbances. 
Improvements  la  tha  accuracy  of  tha  caparison  between  tha  frequencies  of  this  experimental  data  bean 
aad  tha  values  from  stability  theory  have  been  described  by  Teal  4  Vtdmall  (46).  Upstream  of  8-forma 
of  break down,  q  mss  about  1.6;  since  me  know  that  the  critical  vales  of  q  exceeds  1.38,  tha  flows 
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upstream  nay  be  unstable  according  to  stability  theory;  in  any  event  they  are  at  best  Marginally 
stable.  (It  should  be  noted  at  this  point  that,  although  Leibovlch  &  Stewartson  found  Instabilities 
at  q  -  1.58,  the  corresponding  growth  rates  were  very  small.)  The  values  of  q  in  the  wake  of 
B-breakdowns  were  all  less  than  / 2 ,  Indicating  strong  instability,  according  to  Leibovlch  6  Stewartson 
(54]. 


■t 
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Corresponding  measurements  for  S-type  breakdowns  revealed  significantly  larger  values  of  q 
upstream,  indicating  an  approach  flow  with  a  higher  degree  of  stability,  while  the  mean  flows  in  the 
wake  were  decidedly  larger  than  values  in  the  wake  of  B-breakdown ,  but  grouped  near  /2,  and  therefore 
definitely  unstable  according  to  stability  theory.  One  concludes  that  the  approach  and  wake  flows  of 
B-breakdowns  are  less  stable  than  those  of  S-breakdown.  The  core  expansion  Is  larger  in  B-breakdown 
than  in  S-breakdown,  and  since  this  is  likely  to  be  tlie  consequence  of  turbulent  mixing,  this  provides 
additional  corroboration  of  the  stability  conclusions. 

The  Jumps  in  q  across  the  breakdowns  in  the  Garg -Leibovlch  data  base  are  summarized  in  Figure  8. 

It  may  be  useful  to  emphasize  that  a  larger  q  does  not  mean  a  larger  swirl  level;  q  is  directly 
proportional  to  the  peak  swirl  speed  and  inversely  proportional  to  the  axial  velocity  excess  or 
deficit.  The  axial  velocity  excess  or  deficit  la  itself  a  strong  function  of  swirl  (see  Paler  & 
Leibovlch  [34,  pg.  1387)  for  a  brief  discussion). 

Escudier  et  al  [26]  analyzed  their  experimental  measurements  in  terms  of  its  instability  and 
criticality.  The  experiments  were  conducted  in  an  apparatus  employing  a  slot-entry  tangential-jet 
vortex  generator,  followed  by  a  sudden  contraction,  their  “exit  tube“,  in  which  breakdown  occured. 

Thev  concluded  that  the  flow  was  always  both  critical  and  unstable  at  the  entrance  to  the  exit  tube, 
hence  upstream  of  breakdown.  These  interesting  conclusions  are  apparently  based  upon  two  distinct 
approaches.  First,  there  was  visual  evidence  of  instability  at  the  entrance  to  the  exit  tube. 

Second,  q  (assuming  the  flow  to  be  a  Q-vortex)  sod  the  state  of  criticality  (apparently  assuming  the 
flow  to  be  a  Ranklne  vortex  with  uniform  axial  speed)  were  estimated  at  each  axial  station  at  which 
data  was  available.  These  indicated  a  rapid  fall  of  q  as  the  contraction  was  approached,  with  values 
falling  below  1.5  (the  value  they  used  as  a  criterion  for  loss  of  stability)  Just  upstream  of  the 
entrance  to  the  exit  tube.  The  value  of  q  was  estimated  by  the  rule  (appropriate  for  the  Q-vortex)  q 
-  1.56  VMX/W2,  where  VMX  is  the  peak  swirl  speed,  easily  determined  from  the  data. 

The  conclusions  drawn  by  Escudier  et  al  (26),  in  ay  view,  are  premature.  It  is  not  appropriate 
to  apply  a  theory  for  columnar  vortices  to  a  region  of  flow  with  large  axial  gradients,  as  they  have 
done,  to  arrive  at  the  conclusion  that  q  falls  as  the  contraction  is  approached.  Even  if  the  flow 
were  accurately  columnar,  they  found  it  difficult  fit  the  measured  mean  axial  profile  (which  has  a 
developing  deceleration  on  the  centerline,  evidence  of  significant  axial  gradients)  with  that  of  a 
Q-vortex,  and  the  stability  characteristics  of  a  columnar  vortex  coinciding  with  their  measured 
profiles  are  likely  to  be  very  different  from  those  of  the  Q-vortex.  Furthermore,  there  is  good 
reason  to  believe  that  a  nonswirling  flow  would  also  exhibit  an  instability  at  the  sharp-edged 
contraction  that  forms  the  entrance  to  the  exit  tube;  that  is,  it  seems  likely  that  the  instability 
observed  Is  due  to  the  design  of  the  experimental  apparatus,  and  not  to  the  properties  of  the  vortex. 

7.  NONAX I SYMMETRIC  MOTION  IN  S  AND  B  BREAKDOWN 

The  theories  described  in  section  5  make  no  distinction  between  S-  and  B-breakdown,  yet  there  is 
a  clear  distinction  between  them.  With  fixed  core  radius,  the  S-breakdown  is  the  low  swirl  form. 

This  is  seen  from  Figure  7  (where  fixing  the  Reynolds  number  effectively  fixes  the  size  of  the  core), 
and  from  the  data  in  Table  1,  where  the  Froude  number  N  is  seen  to  be  larger  for  S-breakdowns  than  for 
B-breakdowns  in  a  vortex  with  the  same  core  sice.  The  discrimination  between  the  two  forms  of 
breakdown  is  an  important  question  yet  to  be  addressed  by  theory. 

One  essential  feature  of  S-breakdown  is  the  presence  of  both  Inj  ■  1  and  n  •  0  modes  in  its 

Fourier  decomposition.  The  need  for  the  n  -  0  mode  was  explained  in  section  4.  The  Inj  -  1  modes  are 

needed  to  explain  the  corkscrew  shape  takeo  on  by  a  streakline  released  on  the  vortex  axis,  since 
these  are  the  only  modes  having  a  nonzero  radial  velocity  component  on  the  axis.  Thus,  a  theoretical 
treatment  of  S-breakdown  should  include  these  modes  ms  a  minimal  representation  of  the  velocity 
field.  Furthermore,  because  of  the  observations  made  in  the  previous  section  concerning  the 
instability  of  the  wake  and  the  marginal  stability  of  the  approach  flow  in  B-fora  breakdowns,  it  seems 
that  the  seme  minimal  representation  is  required  for  both  the  B-  and  the  S -for ms  of  breakdown. 

Because  I  believe  the  weakly  nonlinear  axlsyMstrlc  wave  models  have  provided  some  insight  into 
the  B-breakdown,  1  would  like  to  use  similar  perturbation  Ideas  to  briefly  speculate  about  the  role  of 
the  nonaxlsymmetric  flow  features.  Suppose  a  slowly  varying  axisynmstrlc  basic  flaw  is  slightly 

perturbed  and  that  to  lowest  order  the  perturbation  consists  of  a  superposition  of  n  ■  0  and  Ini  -  l 

modes,  with  the  axial  velocity  perturbation  given  to  lowest  order  by 

c  A(«.t)»o<r)  +  etIS(.,t).1(t).^>  l(!2pi)  ,"1*  ♦  C.c.l.  (30) 

where  c,  c  ,  and  A  are  small  parameters.  If  c  •  0,  the  form  given  describes  tbs  long 
axl symmetric  waves  discussed  in  section  5;  the” function  S  describes  the  amplitude  modulation  of  the 
Ini  -  1  (spiral)  modes,  and  is  allowed  here  to  vary  slowly  compared  to  the  length  scale  (0(A/k)>  and 
ilia  scale  (0(A/«))  of  these  modes.  If  c  ■  0,  then  soli t ion  solutions  are  possible  (Leibovlch  A  Ms 
(48))  and  are  described  by  the  nonlinear  Schroedlnger  equation 

‘V  «;•  *M  ♦  *i»  *|,|*  • 0  <Jl> 
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The  disturbances  that  emerge  when  both  A  and  S  arc  present  will  depend  upon  how  they  are  coupled, 
and  this  will  depend  In  a  complex  way  upon  the  basic  flow  field.  To  fix  Ideas,  think  of  the  flow  In  a 
tube  that  Is  first  cylindrical,  then  diverging.  As suae  Infinite  Reynolds  nuaber ,  and  the  existence  of 
a  basic  axisynmetrlc  flow.  Assume  furthermore  that  this  flow  Is  stable  throughout,  that  It  is 
supercritical  at  the  beginning  of  the  tube  divergence,  and  that  at  the  end.  It  Is  critical  or  only 
slightly  supercritical.  This  picture  Is  presumably  what  would  be  expected  in  the  experiments 
conducted  by  Sarpkaya  {30-32},  and  by  ay  co-workers  and  me,  If  vortex  breakdown  had  not  occurred. 

Now  assume  that  a  weak  disturbance  Is  Introduced  at  the  downstream  end.  The  linear  group 
velocities  of  the  nonaxisymaetric  disturbance  modes  are  positive,  under  the  assumptions  adopted,  so 
the  nonaxi symmetric  features  will  wash  downstream.  The  linear  group  ^mloclty  of  the  axlally-syametric 
long  wave  components  of  the  disturbance  will  be  very  small,  but  the  speed  of  a  long  wave  of  finite 
amplitude  may  allow  upstream  propagation.  Consider  a  disturbance  that  has  made  its  way  upstream.  We 
may  assume  S  -  0  since  by  assumption  infinitesimal  n  *  0  modes  are  washed  downstream;  thus  an  equation 
like  (IS)  is  operative.  As  this  axlsymmetrlc  disturbance  moves  upstream.  It  amplifies  and  its  length 
decreases  as  a  result  of  the  area  reduction  It  sees  as  It  progresses.  If  the  weakly  nonlinear 
equation  (15)  holds  throughout,  and  if  dissipation  can  be  Ignored  In  It,  then  wave  will  pass  right 
through  the  diverging  section  and  continue  to  propagate  upstream. 

On  the  other  hand,  as  Its  amplitude  grows,  the  stability  of  the  finite  amplitude  axlsymmetrlc 
wave  to  ini  1  disturbances  becomes  Increasingly  suspect.  In  particular.  If  the  basic  flow  la  not 
far  from  marginal,  and  if  the  axlsymmetrlc  wave  destabllzes  the  flow  to  InjM  modes,  then  a  modest 
wave  amplitude  might  be  expected  to  lead  to  growth  of  three-dimensional  disturbances,  with  linear 
growth  rate  proportional  to  c  -  ec,  where  cc  is  the  value  of  wave  amplitude  parameter 
corresponding  to  marginal  Instability  to  nonaxlsywetric  perturbations.  The  presence  of  a  coherent 
periodic  signal  in  the  spectra  of  disturbances  measured  by  Singh  &  Oberol  (67)  and  by  Carg  and 
Lelbovlch  (361  suggests  that  the  nonsxlsysmetrlc  amplitude  S(z,t)  grows  out  of  this  instability  as  s 
Hopf  bifurcation  (Iooss  and  Joseph  [68}).  This  implies  a  saturation  for  the  amplitude  of  the 
three-dimensional  perturbations,  with 

| egS| 2  -  0(e  -ec). 

The  gain  In  energy  of  the  spiral  mode  comes  at  the  expense  of  the  axlsy^etrlc  mode.  With|s|*0, 
there  is  a  feedback  into  the  equation  for  A  of  a  term  of  the  form 

-  -, ) S | 2*  (32) 

where  y  ic  a  coupling  constant  to  be  found  as  a  functional  of  the  basic  flow.  Thus,  the 
•elf-excltat  :>n  of  the  S  mode  in  this  scenario  la  made  possible  by  virtue  of  presence  of  the  A  mode, 
and  the  transfer  of  energy  to  It  from  the  A  mode  causes  the  dissipation  of  axlsymmetrlc  wave  energy 
necessary  to  stabilise  the  position  of  the  axlsymmetrlc  mode  In  the  diverging  part  of  the  channel, 
since  we  may  take 

V  -  t|s| 2  (33) 

in  equation  (IS). 

Thus,  if  (15)  and  (33)  are  adopted,  the  position  and  strength  of  breakdown  are  determined  by 
the  Proude  number,  N,  of  the  basic  flow,  the  Imposed  external  forcing  (represented  In  the  example  by 
wall  tube  slope  function  g(x),  and  the  energy  density  of  the  nonaxisymaetric  motions,  which  depends 
upon  how  close  the  basic  flow  is  to  marginal  instability. 

This  scenario  is  not  yet  supported  by  detailed  calculation,  but  the  conception  seem*  plausible 
and  provides  at  least  a  partial  unification  of  the  phenomena  observed.  The  factors  that  distinguish 
between  B-forme  and  S-forms  of  breakdown  are  not  apparent.  Recognizing  from  Pig. 8  that  the  S-form 
appears  under  more  stable  end  more  highly  supercritical  conditions,  it  might  be  conjectured  from 
Invlscld  theory,  that  the  B-form  may  be  unstable  at  higher  values  of  q,  and  that  the  S-form  emerges 
from  the  B-form  as  a  secondary  bifurcation. 

8.  CONCLUSION 

Given  a  model  describing  the  smooth  streamslse  evolution  of  a  vortex  core,  the  position  of 
oreakdown  may  be  estimated  by  computing  the  Proude  number  N,  the  stability  ratio  q/qc  where  qc 
corresponds  to  the  critical  value  of  q.  In  the  observations  that  can  be  documented,  stationary  vortex 
breakdown  occurs  In  supercritical  regions,  N>1.  The  location  seems  to  correlate  better  with  the  point 
at  which  the  vortex  reechee  a  marginally  stable  condition  then  It  correlates  with  the  point  et  which 
critical  conditions  are  obtained. 

A  new  conceptual  framework  Is  suggested  based  upon  Information  derived  from  experimental  studies 
of  vortex  breakdown.  In  the  picture  put  forward,  growth  of  axlsymmetrlc  mode#  occur#  ae  a  result  of 
propagation  In  a  variable  vortex  waveguide,  and  this  wave  loses  stability  to  three-dimensional 
disturbances  when  It  reaches  a  critical  amplitude.  Energy  drain  from  the  exlsyMStric  wave  to  the 
nonaxlaymmetrlc  modes  serves  to  fix  the  possible  equilibrium  positions  of  the  vortex  breakdown,  which 
Is  Identified  with  a  large  amplitude  e  large  amplitude  axlsymmetrlc  wave  end  smaller  amplitude 
superposed  nonaxlaymmetrlc  wave  modes. 
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FIGURE  CAPTIONS 


1.  Vortex  breakdown  in  leading-edge  vortlcea  over  a  model  delta  wing,  from  [5).  The  breakdown  in 
the  upper  portion  of  the  figure  la  a  spiral,  or  S-type;  the  one  In  the  lower  portion  Is  a 
bubble,  or  B-type. 

2.  Photographs  of  vortex  breakdowns  In  a  tube;  from  [34].  (a)  B-type  followed  by  S  breakdown 

downstream,  (b)  S-type. 

3.  Sketch  of  a  leading-edge  vortex,  taken  from  (21). 

4.  Tangential  slot -entry  swirl  generation  apparatus  used  In  (23-26).  The  rolling  up  of  the  shed 
vortlclty  layer  is  sketched  as  a  spiral  in  the  end-vlew  on  the  left. 

5.  Swirl  vane  generation  apparatus  in  perspective,  from  (28),  with  an  Inset  showing  details  of  the 
centerbody  and  turning  section,  from  (34). 

6.  Top  left  figure  la  a  measured  axial  velocity  profile  In  the  generation  section  In  a  slot-entry 
apparatus,  taken  from  (26);  swirl  profile  is  shown  top  right.  Bottom  left  and  right  are  axial 
and  swirl  velocity  profiles  In  a  leading-edge  vortex  measured  by  Earns haw  (27). 

7.  Plot  of  the  position  (abscissa)  of  breakdown  as  a  function  of  Reynolds  number  Re  and  swirl  lead 
ft,  from  (34).  Positions  marked  0  or  1  locate  B-type  breakdowns,  while  2  locates  S-breakdowns . 
Ollier  designations  (3-6)  locate  large  amplitude  disturbances  that  do  not  persist  at  high  Reynolds 
number. 

8.  Parameter  space  for  the  Q-vortex,  showing  the  regions  of  subcrltical  and  supercritical  flow, 
regions  of  stability  to  axlsymmetrlc  disturbances,  and  regions  of  Instability  to 
three-dimensional  disturbances.  Strong  Instability  to  three-dimensional  disturbances  is  found 
for  q  <  / 2 ,  and  this  region  is  shown.  Also  showu  In  the  plot  are  the  approach-wake  transition 
for  the  three  sets  of  data  given  In  Table  l. 

9.  Growth  rates  as  a  function  of  wavenumber  k  for  Q-vortex  for  q  -  0.8  and  for  axlmuthal  wavenumbers 
1  through  6,  from  ref.  (49). 
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AbstyAct . 

*-“*The  present  paper  considers  the  possible  break-up  mechanism  of  a  vortex  whith  its 
axis  paralell  to  the  direction  of  the  mean  flow.  Such  streamwise  directed  vortices  have 
been  considered  first  of  all  by  G.I.  Taylor  [1]  in  his  famous  investigation  of  the  stabi¬ 
lity  of  the  flow  between  two  concentric  cylinders.  H.  Gdrtler  [21  has  made  his  studies 
of  streamwise  directed  vortices  along  a  concave  wall.  In  both  these  cases  the  vortices 
created  seem  to  be  very  stable  in  the  side- wise  direction.  However  the  G.I.  Taylor  vorti¬ 
ces  do  not  change  in  the  direction  of  the  mean  flow,  and  thus  do  not  exhibit  any  break¬ 
up  mechanisms.  In  very  many  cases  encountered  under  different  flow  conditions  the  break¬ 
up  of  a  stream-wise  directed  vortex  occurs  after  a  certain  distance  downstream,  and  it  is 
the  purpose  of  this  presentation  to  exhibit  a  possible  mechanism  whereby  such  a  break-up 
can  occur.  This  mechanism  is  inherent  in  the  basic  equations  of  the  flow,  and  as  such 
may  also  be  exhibited  on  the  equations  of  motion  a  non-viscous  fluid. 


List  of  symbols. 


r,  a 


P 

P 

C,.C,.C, 

n„ 


C -  r/ro 


cylindrical  coordinates 
radial  velocity  component 
tangential  velocity  component 
axial  velocity  component 
stream  function 
kinematic  visocity 
pressure 

density  of  the  fluid 

constants  of  integration 

initial  angular  velocity 

initial  axial  velocity 

radius  of  reference 

non  dimensional  radial  coordinate 

non  dimensional  axial  coordinate 


|  arbitrary  constants 


8  swirl  parameter 


1 .  The  Non-Vlscous  Problem. 


In  the  Taylor  approach  to  his  stability  problem  the  characteristics  of  the  stream- 
wise  directed  vortex  were  independent  of  the  coordinate  in  the  direction  of  the  axis  of 
the  vortex.  One  may  point  out  that  in  this  case  a  "feed- in"  mechanism  for  energy  is  then 
needed  to  maintain  the  vortex.  When  the  vortex  is  not  being  fed  in  eon e  such  way  it  may 
be  expected  that  it  will  vary  its  characteristics  with  the  axial  coordinate.  This  effect 
may  even  be  exhibited  by  a  non-viscous  problem.  The  Navier-Stokes'  equations  in  cylind¬ 
rical  coordinates  with  no  ^-dependence  present  will  be: 


These  conditions  mean  that  the  vortex  is  confined  within  a  cylinder ical  surface  of 
radius  r  and  that  no  fluid  leaves  or  enters  this  region  through  the  cylinderical  "walls"* 
There  is  an  axial  flow  which  at-  n  =  0  is  evenly  distributed  over  the  circular  crossection 
of  the  vortex.  At  the  same  location  the  entering  fluid  1b  rotating  as  a  rigid  body  with 
the  angular  velocity  fl  .  The  interest  will  be  focused  on  the  way  this  flow  develops  if 
and  unspecified  disturbance  in  the  radial  velocity  at  »  r  o  is  introduced. 

A  possible  solution  to  this  problem  is  given  by: 


Y  =  .  CrJ.txr)  einh(kx)  (1.11) 

c *  *  1 

where  Cy  is  an  additional  constant  of  integration  whose  physical  significance  will  be 
explained  subsequently.  The  boundary  conditions  (1.10)  are  now  used  to  determine  the  con¬ 
stants  of  integration  Cx,  C7  and  and  <  and  The  non-dimensional  variables  £  and  c 
are  introduced: 


C  -  r/rQ  ,  C  -  */r0 

It  is  further  observed  that  the  Bessel  function  Jx(x)  has  zeros  at  x  =  x.: 

J l (x<)  -  0  (i  -  1,2,  . . . ; 

The  two  constants  <  and  k  are  coupled  by  the  relation: 

<2  -  k2  *  C\ 

If  the  parameter  a  is  introduced: 


it  is  possible  to  write  the  solution  in  terms  of  the  velocity  components  as  follows: 

; r  -  ~sw-  -  ««»  c]  \ 


i r  -*  «o»»i[v^4.*  c] 

o  o  L  J 

«T  '  2*  xiJo<xiV  -  4»J  t] 


Here  the  first  zero  of  the  Bessel  function  has  been  used.  It  is  seen  that  the 

solution  still  contains  an  unknown  parameter  c,/<!o  which  may  be  choaen  arbitrarily.  It 
represents  the  magnitude  of  the  velocity  coroponen t  v r  at  c  -  C>  which  may  be  coneidered  to 
represent  the  initial  disturbance  at  this  location.  This  disturbance  is  responsible  for 
the  further  development  of  the  velocity  profiles  downstreams.  These  velocity  profiles 
have  been  plotted  in  Figs.  la.  1b  and  1c  whereby  the  constants  have  been  assigned  the  fol¬ 
lowing  values: 

Ct/aug=  0.01  ,  i.-U  ,  i,-3. 8317  (1.17) 


Several  Interesting  features  are  present  in  this  solution.  First  it  is  noticed  that  if 
the  parameter  «  in  (1.15)  is  givsn  a  value  greater  than  x./2,  the  hyperbolic  sine  will 
convert  into  a  trigonometric  tine  and  the  flow  field  splits  up  into  cells  in  the  axial 
direction .  One  may  conceive  of  this  as  one  of  several  ways  of  break-up  of  a  vortex.  If 
however  • <  x  ,/s  the  development  of  the  velocity  profiles  will  occur  exponentially,  end 
another  way  of  breaking  up  the  vortex  can  be  envisaged. 

The  development  of  the  velocity  profiles  shows  the  following  characteristics.  The 
fluid  near  the  axis  of  the  vortex  Is  rotating  like  a  rigid  body  with  an  angular  velocity 
that  ia  increasing  with  increasing  distance  from  the  initial  position.  At  the  same  time 
the  axial  velocity  ia  increasing  in  magnitude  at  the  centerline  and  decreasing  at  the 
"walls*.  Finally  back-flow  occurs.  At  that  point  the  vortex  may  again  be  expected  to  be¬ 
come  unstable. 

The  results  exhibited  here  for  a  n on-viscous  fluid  may  have  a  bearing  on  the  de¬ 
velopment  of  a  stream-wise  directed  vortex  in  a  viscous  fluid  just  as  Lord  RAYLEIGH ’ s 
criterion  of  an  invltcid  fluid  was  shown  by  Taylor  .  [1]  to  be  a  limiting  case  of  the 
criterion  for  a  viscous  fluid. 
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Fig.l  Velocity  profile*  at  increasing  downstream  locations, 


It  was  shown  above  that  a  development  of  cells  in  the  axial  direction  could  be  demonstra¬ 
ted.  This  is  an  effect  similar  to  6.1.  Taylor's  observation  reproduced  in  Pig. 2  where 
even  in  the  case  of  rotating  cylinders  a  tendency  to  formation  of  cells  is  visible.  Since 
all  experimental  evidence  to  the  author's  knowledge  indicate  a  final  break-down  of  the 
vortex  system,  the  mechanism  may  be  as  just  demonstrated  on  this  simple  mathematical  model. 


A  final  remark  may  be  appropriate.  The  preceding  de¬ 
ductions  seem  to  be  applicable  only  in  cases  where  the  vor¬ 
tex  is  confined  to  a  cylinder ical  space,  i.e.  cases  ^ere 
the  cross-wise  dimension  does  not  change  with  downstream 
distance.  Such  a  situation  is  shown  in  Fig. 3  where  both  the 
vortices  and  their  break-up  region  is  clearly  visible.  A 
similar  situation  is  shown  in  Fig. 4  where  striations  on  a 
cone  indicate  the  presense  of  streamwlse  directed  vortices 
which  are  very  stable  in  the  sidewise  direction  and  where 
the  space  occupied  by  the  vortex  increases  in  the  cross-wise 
direction  with  increasing  downstream  distance.  The  break-up 
of  these  vortices  seems  to  exhibit  the  same  feature  as  de¬ 
monstrated  above. 


Fig. 3  Streamwiee  directed  vortioes  and  their  Fig. 4  Striatione  on  a  cone  is  axial  flow 

break-up  in  the  region  downstream  of  a  stag -  caused  by  e trsamvi ss  directed  vortices, 

nation  line  on  a  ay  Under  in  crossflow. 
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SUMMARY 

r 

— ^It  is  demonstrated  that  a  large-scale  isentropic  transition  between  conjugate 
swirling  flow  states  can  occur  with  no  change  in  the  flow  force  and  that  both  flow 
states  are  supercritical.  It  is  argued  that  such  a  transition  represents  the  first  stage 
of  vortex  breakdown  in  a  tube,  the  second  stage  being  a  non-isentropic  transition  in  the 
nature  of  a  hydraulic  jump  to  the  downstream  subcritical  state.  The  intermediate  (super¬ 
critical)  state  consists  of  a  zone  of  stagnant  fluid  surrounded  by  a  region  of  potential 
flow.  These  two  zones  are  separated  by  a  layer  of  rotational  fluid  originating  in  the 
upstream  vortex  core.  An  outline  is  given  of  the  analysis  for  an  upstream  flow  modelled 
as  a  Rankine  vortex.  It  is  found  that  for  any  ratio  of  core-to-tube  radii,  breakdown 
(i.e.  the  first  transition)  occurs  for  a  unique  value  of  thejjwirl  number  1/rirJJ.  In  the 
limiting  case  of  an  infitesimally  small  core,  the  value  is compared  with  the  criti¬ 
cal  value  2-405.  It  is  argued  that  this  limit  cannot  represent  free  breakdown,  which  in 
consequence  must  have  a  different  character  from  the  tube-flow  breakdowns  generally 
observed.  . 

-h?  A'/  r-  e  c  - 


INTRODUCTION 

Previous  efforts  to  explain  the  phenomenon  of  vortex  breakdown  have  been  centred 
upon  the  concept  of  a  single  transition,  either  in  the  sense  of  Benjamin's  (1]  conju¬ 
gate-state  analysis  or  stability  theories  such  as  those  of  Ludwieg  [2)  and,  most  recent¬ 
ly,  Leibovich  (3).  For  the  most  part,  these  efforts  have  been  limited  to  weak  transi¬ 
tions.  The  experimental  evidence  reported  by  Harvey  (4),  Sarpkaya  |5]  and  others  [6,7), 
in  contrast,  shows  breakdown  to  be  invariably  a  strong  perturbation  of  the  flow,  as  has 
been  emphasized  by,  for  example,  Hall  (8)  and  Leibovich  |9) .  we  present  a  new  and  simple 
approach  to  the  problem  of  voi  jX  breakdown  in  tube  flow  which  yields  a  simple  breakdown 
criterion  and  is  consistent  with  the  observed  characteristics  of  the  phenomenon. 
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Figure  1.  Schematic  diagram  illustrating  the  idealized  process  of  vortex  breakdown 
in  a  cylindrical  tube. 

The  key  features  of  the  process  of  vortex  breakdown  in  a  tube  are  illustrated  in 
figure  1.  We  propose  that  the  transition  may  involve  two  stages,  the  first  isentropic 
from  the  initial  supercritical  state  to  an  intermediate  state  which  is  also  supercriti¬ 
cal.  The  second  stage  of  the  transition,  to  the  downstream  subcritical  state,  is  non- 
isentropic,  much  like  a  hydraulic  jump  or  shock  wave.  The  crucial  new  idea  here  is  that 
the  first  transition  is  both  isentropic  and  also  involves  no  change  in  the  flow  force 
even  for  a  large-scale  transition.  The  latter  possibility  has  been  overlooked  until 
recently  (10),  most  significantly  by  Benjamin  |1).  A  striking  consequence  of  the  analy- 
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si 8  is  that  for  a  given  upstream  vortex  structure,  breakdown  occurs  only  for  a  unique 
value  of  the  swirl  number  r/nr  U  (an  inverse  Rossby  number):  e.g.  y2  for  a  Rankine  vor¬ 
tex  with  an  infinitesimally  smal?  core  radius  r  .  Another  prediction  is  that  breakdown 
is  also  possible  for  a  purely  irrotational  swirling  flow:  the  example  considered  is  that 
of  flow  in  an  annulus.  Complete  details  of  the  analysis  are  given  in  two  recent  papers 
(10,11]  and  only  the  barest  essentials  are  excerpted  here  to  emphasize  the  principal 
assumptions  and  results.  We  also  present  the  results  of  a  number  of  experiments  in  sup¬ 
port  of  the  analysis  and  speculate  on  the  nature  of  free  vortex  breakdown  and  on  the 
real  and  apparent  differences  between  the  axisymmetric  and  spiral  forms  of  breakdown. 
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VORTEX  BREAKDOWN  IN  A  CYLINDRICAL  TUBE  -  ANALYSIS 

A  convenient  model  for  the  upstream  flow  state  (1)  (see  figure  1)  is  the  Rankine 
vortex: 

r r/2nr2  if  0  <  r  <  r„ 

,  c  c  / 1  \ 


if  r  <  r  <  r«. 


w  =  constant  =  U 

where  v  and  w  are  the  swirl  and  axial  components  of  velocity,  r  is  the  core  radius,  r. 
the  tube  radius  and  r  the  circulation.  The  intermediate  state  (5)  is  also  assumed  to  be 
cylindrical  with  an  inner  stagnation  region  of  radius  r  separated  from  the  outer  poten¬ 
tial  flow  by  a  layer  r  <  r  <  rb  of  rotational  fluid  originating  in  the  upstream  vortex 

core.  The  flow  between  these  twoDstates  is  assumed  to  be  steady,  incompressible,  axisym- 
metric  and  inviscid.  The  equation  governing  the  intermediate  flow  state  is  then  1 12 J 

«•  j .  .  -  k2$  if  r  <  r  <  r. 

sit  +  i  £*-**■  =  a  b  <2) 

^  r  dr  r  0  if  rb  <  r  <  rt 

where  r#  is  the  departure  of  the  stream  function  from  its  upstream  form  and 

k  =  r/nr2U  .  (3) 

Specification  of  the  intermediate  state  is  completed  by  introducing  appropriate  matching 
conditions  at  r  ,  r.  and  rfc,  i.e.  constancy  of  the  stream  function  on  stream  surfaces, 

continuity  of  tfte  velocity  across  the  interface  r  =  r.  and  zero  velocity  at  r  -  r  .  The 

solution  of  equation  (2)  and  calculation  of  the  distributions  of  v,  w  and  the  Static 
pressure  p  (from  dp/dr  =  pv2/r)  is  then  straightforward  (see  ( 10 J  -  [12]). 

To  answer  the  question  which  pair  of  conjugate  flow  states  corresponding  to  the 
preceding  analysis  is  physically  realistic,  we  oust  consider  the  momentum  equation.  We 
define  first  the  flow  force  S  by 

S  =  2nJ0t(pw2  ♦  p)rdr  (4) 

where  p  is  the  fluid  density.  Using  the  results  already  obtained,  the  flow  force  differ¬ 
ence  between  the  first  and  second  flow  states  may  be  shown  to  be 


as  =  JpU*k*r;il-r§  ♦  \  +  £r*  £n(^)]. 


Since  we  are  considering  flow  in  a  cylindrical  tube,  with  no  means  of  applying  an  exter¬ 
nal  force  to  the  flow,  the  difference  AS  =  0.  The  values  of  kr  (=  r/nr  U)  for  which 
this  identity  is  satisfied  are  plotted  in  figure  2  as  a  function  of  r  /r  Together  with 
the  corresponding  critical  values  of  krc  obtained  from  (1] 

1  krc  -y^c> .  -i  (6) 

2  *  <rt/rc)4-l  '  (  1 


It  is  found  that  the  upstream  flow  (for  AS  =  0)  is  always  supercritical  (i.e.  kr  less 
than  the  critical  value),  as  is  the  intermediate  flow  state  which  can  be  demonstrated  on 
the  basis  of  a  variational  principle  [1,10].  As  mentioned  in  the  INTRODUCTION,  this  pos¬ 
sibility  of  a  non-trivial  supercritical-supercritical  transition  was  only  recently  rec¬ 
ognized  [10]  and  is  suggested  to  be  the  key  to  understanding  vortex  breakdown.  For  the 
Rankine  vortex,  it  turns  out  that  for  any  value  of  r  /r^  the  first  transition  occurs  for 
a  unique  value  of  kr  .  More  generally  it  may  be  shown  [10]  that  for  given  distributions 
of  w(r)  and  v(r)  thec speed  at  which  the  vortex  breakdown  structure  moves  is  unique.  The 
subsequent  transition  to  the  downstream  flow  state  must  be  dissipative,  and  can  be 
treated  essentially  as  a  hydraulic  jump. 
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Figure  2.  Swirl  parameter  kr  for  breakdown  (solid  curve)  and  critical-flow  (broken 
curve)  conditions  as  a  function  of  normalized  core  radius. 

A  remarkable  result  of  the  analysis  is  that  a  non-trivial  transition  is  predicted 
even  for  the  asymptotic  situation  rc/rt  *  0.  In  this  case 

kr  =  -12  for  breakdown 

C  (7) 

krc  =  2-405  for  the  critical  state  . 

At  first  sight  it  might  appear  that  the  asymptote  rjr.  <  0  is  relevant  to  the  case  of  a 
free  vortex  (rt  -  «).  However,  an  asymptotic  analysis,  which  was  the  subject  of  (10), 
shows  that  this  is  not  the  case.  In  particular,  it  is  found  that  for  rJr,  -»  0,  r _/rfa 
♦  0  whereas  for  a  free  vortex  it  must  be  the  case  that  r  /I.  assumes  a  value  different 
from  zero.  It  has  to  be  concluded  that  the  free  vortex  represents  a  second  type  of  tran¬ 
sition  compared  to  that  which  we  have  considered,  and  that  this  is  a  direct  supercriti¬ 
cal  -  subcritical  transition  necessarily  involving  dissipation.  A  corollary  is  that 
investigations  of  vortex  breakdown  in  tubes  are  not  directly  representative  of  free-vor- 
tex  breakdown. 

Within  the  small-core  approximation,  the  ideas  contained  here  have  been  extended  to 
the  analysis  of  general  vortex  flow  in  a  tube,  including  the  possibility  of  area 
ch.  ■ jea .  In  many  circumstances  it  is  possible  and  convenient  to  relate  the  actual  flow 
to  a  '-ctitious  reference  Rankine  vortex.  An  interesting  result  for  flows  with  a  strong 
overshoot  in  the  axial  velocity,  as  is  produced  by  a  strong  area  reduction,  is  that  the 
critical  and  breakdown  valueB  of  kr^  are  proportional.  This  is  suggested  to  be  the  main 
reason  why  Escudier  and  Zehnder  (T)  were  able  to  make  quite  accurate  predictions  of 
breakdown  on  the  basis  of  the  criticality  condition. 

VORTEX  BREAKDOWN  IN  A  CYLINDRICAL  TUBE  -  OBSERVATIONS 

The  two  examples  of  axisyametric  vortex  breakdown  shown  in  figure  3  are  typical  of 
those  reported  by  Harvey  (4),  Sarpkaya  (5]  and  others  (6,7).  Here  advantage  has  been 
taken  of  the  laser-induced  fluorescence  visualisation  technique  to  reveal  the  inner 
structure  of  a  breakdown  bubble.  Fluorescein  dye  has  been  injected  on  the  tube  axis  into 
the  upstream  flow.  The  flow  was  illuminated  by  a  rapidly  oscillating  Argon-ion  laser 
beam  sweeping  through  a  diametral  plane  of  the  tube  ( further  details  of  the  experiment 
are  given  in  (10)  and  (13)).  Two  features  may  be  observed  from  figure  3  which  support 
the  interpretation  of  vortex  breakdown  proposed  here.  First,  the  fluid  entering  the 
bubble  in  each  case  clearly  emanates  from  a  region  much  smaller  in  radius  than  that  of 
the  bubble  itself  (and  also  much  smaller  in  radius  than  the  core),  and  the  latter  must 
therefore  be  a  zone  of  essentially  stagnant  fluid.  Secondly,  the  smooth  appearance  of 
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Figure  3 . 


Examples  of  vortex  breakdown  in  a  cylindrical  tube. 
(Flow  from  left  to  right) 


The  internal  structure  which  may  be  inferred  from  flow  visualisation  is  confirmed 
by  laser  Doppler  anemometry  measurements:  axial  velocity  profiles  w(r:x)  together  with 
the  corresponding  streamline  map  for  a  low  Reynolds  number  breakdown  bubble  are  shown  in 
figure  4.  It  may  be  noted  that  a  consequence  of  the  subcritical  nature  of  the  flow  down¬ 
stream  of  such  a  bubble  is  that  the  detailed  structure  of  the  bubble  itself  and  the 
downstream  flow  are  strongly  influenced  by  the  downstream  geometry  and  conditions. 

The  problem  of  masking  of  the  intermediate  flow  state,  mentioned  above,  may  be 
overcome  by  injecting  air  into  the  bubble  as  in  the  situation  shown  in  figure  5.  The 
smooth  character  of  the  first  transition  is  again  evident  as  is  the  more  disturbed 
nature  of  the  second  (the  hydraulic  jump).  The  flow  conditions  are  those  under  which  a 
normal  breakdown  would  occur  in  the  absence  of  air  injection. 


BREAKDOWN  OF  POTENTIAL  FLOW  IN  AN  ANNULUS  -  ANALYSIS 


We  consider  here  a  swirling  potential  flow  confined  between  concentric  cylinders. 
The  upstream  flow  state  is  defined  by 


v  =  r/2ar 
w  =  U 


(8) 


i.e.  we  can  imagine  the  viscous  core  in  figure  1  to  be  replaced  by  a  solid  rod.  The 
second  or  intermediate  flow  state  is  assumed  to  consist  of  an  annulus  of  stagnant  fluid 
of  outer  radius  rb  surrounded  by  a  potential  vortex 


i.e. 

v  =  r/2nr 

and  w  =  w 

if  rb  <  r  < 

o 

it 

> 

and  w  =  0 

if  rc  <  r  £ 

(9) 


(10) 
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whilst  for  the  flow-force  difference  we  have 

r«-r» 


AS  =  5pU»r*Ifl-<^>*)(^)-^»rc)*U-<^>**2<^)*«n(^)}} 


(11) 


Setting  as  *  o  as  before  leads  to  kr  and  r./r.  as  functions  of  r/r. ,  as  plotted  in  fi¬ 
gure  6.  In  this  case  the  criticalityccondit?onlfor  the  downstream  flaw  (14)  is 


(krc)» 


8rb<rt-rJ)' 


(12) 


and  it  is  again  found  that  this  flow  state  is  always  supercritical. 


BREAKDOWN  OF  POTENTIAL  FLOW  IN  AN  ANNULUS  -  OBSERVATIONS 

Flow  visualisation  confirms  the  occurence  of  large-scale  transitions  for  swirling 
flow  in  an  annulus.  In  the  first  exaaple  (figure  7)  multiple  breakdowns  are  evident.  Al¬ 
though  the  viscous  core  has  been  "replaced"  by  a  solid  rod,  viscous  influences  are  un¬ 
doubtedly  responsible  for  producing  the  conditions  which  allow  successive  breakdowns. 
The  introduction  of  air  into  the  breakdown  region  again  produces  a  breakdown  bubble 
similar  to  that  predicted  (figure  8).  It  is  found  that  unless  conditions  closely  match 
those  corresponding  to  the  analysis,  air  introduced  into  the  flow  either  penetrates  far 
upstream  (kr  too  large)  or  is  swept  away  (kr  too  small). 


Figure  7.  Successive  annular  breakdowns.  (Flow  from  left  to  right) 


Figure  8.  An  air-filled  annular  breakdown.  (Flow  from  left  to  right) 


CONCLUDING  REMARKS 

The  concept  proposed  here  for  the  explanation  of  vortex  breakdown  has  been  worked 
out  in  detail  using  the  Rankine  vortex  as  a  model  for  the  upstream  flow.  The  advantage 
of  this  formulation  is  that  the  equation  for  the  stream  function  (2)  is  then  linear  both 
within  the  rotational  layer  (r  <  r  <  rh)  and  also  within  the  surrounding  potential  flow 
(rh  <  r  <  r  ).  As  has  been  indicated,  Sore  complex  flow  situations  can  be  analysed  with 
reference  tf  a  fictitious  reference  Rankine  vortex.  Such  an  analysis  has  been  carried 
out  in  [10]  within  the  small-core  approximation,  a  restriction  which  can  also  be  dis- 
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pensed  with  as  shown  in  [11].  Any  more  general  analysis  would  evidently  require  numeri¬ 
cal  integration  of  the  equation  governing  the  stream  function  *  (the  Long  [15]-Squire 
[16]  equation)  for  a  cylindrical  flow 


_  1  34  _  rf.  dH 
3r*  r  3r  p  S* 


-  K 


dK 

3tp 


(13) 


wherein  H  is  the  dynamic  head  and  K  s  rv.  Such  an  exercise  would  undoubtedly  provide 
more  accurate  results  for  particular  flows,  but  would  be  unlikely  to  contribute  signifi¬ 
cantly  to  further  understanding  of  the  breakdown  phenomenon. 

We  have  already  speculated  that  free-vortex  breakdown  represents  a  different  type 
of  transition  to  that  for  tube  flow.  By  way  of  further  speculation  we  suggest  that  there 
is  no  fundamental  difference  between  the  so-called  spiral  type  of  breakdown  and  the  axi- 
symmetric  bubble  type  we  consider  here.  The  spiral  character  is  suggested  to  be  a  conse¬ 
quence  of  azimuthal  instability  leading  to  roll  up  and  detachment  of  the  shear  layer 
surrounding  a  bubble.  This  detachment  process  would  then  lead  to  a  precessive  motion  of 
the  near-stagnant  interror  fluid.  Strong  evidence  in  support  of  this  point  of  view  comes 
from  the  experiments  of  Escudier  and  Zehnder  ]7]  who  found  the  correlation  of  experimen¬ 
tal  breakdown  data  in  terms  of  the  simple  criterion  r2/UvL  =  constant  to  be  independent 
of  the  breakdown' 8  appearance.  It  is  also  well  known  [8]  that  the  spiral  and  axisymmet- 
ric  breakdown  forms  are  found  in  the  same  continuous  range  and  are  even  interchangable 
under  appropriate  conditions.  A  further  point  is  that  were  the  spiral  form  inherently 
non-axisymmetric,  the  spiral  would  have  to  remain  stationary,  as  is  observed  for  the 
non-axisymmetric  standing-wave  patterns  for  hollow-core  vortices  [14]. 
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Associated  with  the  breakdown  process  is  the  formation  of  a  stagnation  point  on  the  axis  of  the  vortex.  This  requires 
the  deceleration  of  the  axial  velocity  component,  which  must  be  enforced  by  a  positive  axial  pressure  gradient.  The 
analysis  presented  here  shows,  how  the  pressure  gradient  along  axis  of  the  vortex  is  influenced  by  the  radial  and 
azimuthal  velocity  components.  An  explicit  expression  for  ^8p /,  0x  (x,0)  can  be  obtained  by  integration  of  the 
momentum  equation  for  the  radial  velocity  component  with  respfect  to  the  radial  and  subsequent  differentiation  of  the 
integral  with  respect  to  the  axial  direction.  In  an  order  of  magnitude  analysis  it  is  then  demonstrated  that  for  large 
Reynolds  numbers  one  component  of  the  frictional  force  in  the  azimuthal  direction  cannot  ho  neglected.  In  order  to 
obtain  an  estimate  for  the  pressure  gradient  rigid  body  rotation  is  assumed  for  the  vortex  core,  and  a  distribution 
similar  to  that  of  a  potential  vortex  w  =  kr  ,  for  the  outer  portion.  The  estimate  shows  that  a  positive  axial  pressure 
gradient  can  exist  only,  if  the  radial  velocity  component  is  positiv  and  if  the  exponent  n  is  less  than  unity.  It  is  also 
verified  that  a  potential  vortex  cannot  support  an  axial  pressure  gradient,  that  the  pressure  gradient  in  magnitude  is 
directly  proportional  to  the  square  of  the  maximum  of  the  azimuthal  velocity,  referenced  to  the  freestream  velocity.  ___ 


1.  Introduction 


In  reference  (I  ]  S.  Leibovich  comments  on  the  effects  of  the  pressure  gradients  on  vortex  breakdown: 

"Vortex  breakdown  is  promoted  by  adverse  pressure  gradients  (pressure  increasing  in  the  direction  of  flow).  Pressure 
gradients  may  be  impressed  upon  the  vortex  core  by  an  acceleration  of  the  outer  flow  (e.  g.  by  shaping  the  walls  of  a 
confining  tube);  from  pressure  differences  along  the  vortex  core  caused  by  a  sudden  expansion  if  the  tube  abruptly 
ends;  or,  in  the  leading-edge  vortex,  from  the  pressure  rise  associated  with  the  trailing  edge  of  a  swept  wing." 

M.  G.  Hall  summarizes  in  (2)  (as  quoted  in  ( 1 ))  the  role  of  an  applied  pressure  gradient:  "When  an  adverse  pressure 
gradient  is  increased,  less  swirl  is  required  to  maintain  breakdown,  or,  if  the  same  level  ol  swirl  is  maintained,  the 
breakdown  is  moved  upstream”. 

It  is  this  point  which  is  investigated  in  this  paper.  The  analysis  was  motivated  by  a  numerical  study,  reported  in  [31  . 
In  that  study,  it  was  assumed  that  the  radial  distribution  of  the  axial,  radial  and  azimuthal  velocity  components  were 
known  at  some  initial  station.  The  equations  of  motion  were  simplified  in  the  spirit  of  Prandtl's  boundary-layer  theory 
and  integrated  with  an  implicit  finite-difference  solution  under  the  assumption  of  axisymmetric  flow.  The  results  of 
the  integration  showed  that  the  axial  velocity  component  approached  zero  with  increasing  distance  from  the  initial 
station  if  certain  specific  initial  distributions  of  the  velocity  vector  were  prescribed.  For  very  small  values  of 
u(x,r  s  0),  (u  being  the  axial  velocity  component)  the  solution  did  not  converge  any  more,  yielding  physically  unrealistic 
results  as  in  the  vicinity  of  boundary-layer  separation.  In  addition,  it  was  found,  that  if  a  positive  pressure  gradient  was 
superimposed  in  the  axial  direction  for  r-«*<p,  the  solution  diverged  at  a  point  closer  to  the  initial  station  than  for  the 
zero-pressure  gradient  flow.  These  results,  although  at  least  qualitatively  known  before  the  investigation  { 3  ]  was 
carried  out,  for  example,  from  Sarphaya's  experiments  [4J  ,  were  also  implemented  by  R.  Staufenbiel  in  his 
experimental  studies  of  wing  tip  vortices  1 5J .  By  piecing  an  annular  diffusor  about  the  vortex  he  showed  that  he  could 
locally  break  the  vortex  at  any  arbitrary  position  downstream  from  the  wing.  These  observations  as  well  as  the 
comments  made  by  S.  Leibovich  and  M.  G.  Hall  and  the  results  of  the  numerical  studies  reported  in  {  3  J  .stipulated  the 
question,  as  to  whether  or  not  this  behaviour  of  the  flow  could  not  directly  be  confirmed  by  inspection  of  the  governing 
equations,  put  into  a  suitable  form.  Despite  of  the  rather  large  body  of  literature  (see,  for  example,  the  literature 
survey  in  S.  Leibovich’s  review  on  vortex  breakdown  III)  such  an  investigation  was  -  to  the  author's  knowledge  -  not 
reported  before.  The  development  of  an  analysis  which  shows  the  dependence  of  the  pressure  gradient  along  the  axis  of 
the  three  velocity  components  is  given  in  the  following. 

It  must  be  clear  from  the  beginning,  that  the  analysis  does  not  intend  to  integrate  the  equations  of  motion  in  order  to 
obtain  a  solution  to  the  problem  of  vortex  breakdown.  Because  of  its  highly  non-linear  character  such  a  goal  cannot  be 
achieved  without  efforts;  instead  it  is  intended  to  extract  general  information  from  the  governing  equations  in  order  to 
explain  the  overall  behaviour  of  the  flow  and  find  out  what  simplifications  are  admissable  upstream  of  the  point  of 
vortex  breakdown. 


The  flow  upstream  of  the  point  of  breakdown  is  assumed  to  be  incompressible,  steady  and  axisymmetric.  The 
assumption  of  steady  flow  conditions  is  confirmed  by  experiments,  see  for  example  [2];  the  assumption  of 
axisymmetric  flow  Implies  that  the  azimuthal  velocity  component  is  essentially  smaller  than  the  axial  component.  As 
Is  also  known  from  experiments  the  core  of  the  vortex  does,  under  such  conditions,  not  change  its  diameter 
substantially,  indicating  that  the  radial  velocity  component  is  small  and  that  the  highest  order  derivatives  In  the  axial 
direction  can  be  neglected.  It  needs  not  be  emphasized,  that  these  assumptions  become  invalid  downstream  from  the 
point  of  breakdown,  as  was,  for  example,  also  confirmed  In  ( 3J ,  in  addition  to  prior  experimental  evidence,  reported 
in  (11  and  elsewhere. 


With  the  omission  of  the  highest  order  terms  in  the  axial  direction,  describing  the  corresponding  components  of  the 
frictione!  force  per  unit  volume,  end  the  terms  describing  the  variation  in  the  azimuthal  direction,  the  governing 
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All  quantities  have  the  usual  meaning,  with  u,  v,  and  w  being  the  axial,  radial,  and  azimuthal  velocity  components, 
respectively* 

Equs.  (2.1)  -  (2.4)  are  next  rewritten  in  dimensionless  form.  In  accord  with  the  assumption  stated  above,  it  is  justified 
to  assume  that  the  core  radius  R  is  much  smaller  than  the  distance  L  between  the  point  of  initiation  and  of  breakdown 
of  the  vortex,  i.  e.,  R  <<  L;  consequently,  the  order  of  magnitude  of  v/u®  is  c  =  R/L.  The  reference  velocity  for  the 
azimuthal  velocity  component  can  be  chosen  arbitrarily.  It  can  therefore  be  expressed  in  terms  of  the  undisturbed  axial 
velocity  components  ,  say  w„  =  aiu®  ,  where  the  subscript  R  denote*,the  reference  velocity,  and  ol  some  factor, 
either  smaller  or  larger  than  unity.  With  the  pressure  normalized  with  the  nondimensionalized  equations  read 
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In  the  system  of  equations,  Equs.  (2.5)  -  (2.8),  all  variables  are  now  dimensionless  quantities,  with  v/u^  stretched  by 
R/L. 

Equ.  (2.6)  is  now  integrated  with  respect  to  r;  there  results 
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By  making  use  of  the  continuity  equation,  the  last  equation  can  be  casted  into  the  following  form: 
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From  Equ.  (2.10)  it  is  clear  that  the  vortex  can  exist  only  as  long  as  the  right-hand  side  remains  negative.  Vice  versa, 
if  the  pressure  difference  and  the  gradients  of  the  axial  velocity  component  tend  to  zero,  the  azimuthal  velocity 
component  must  vanish. 

If  the  flow  along  the  axis  is  to  approach  a  stagnation  point,  the  pressure  along  the  axis  must  increase,  i.  e. 

3p/  dx  (x,0)  >  0.  An  expression  for  the  pressure  gradient  can  be  obtained  by  differentiating  Equ.  (2.10)  with  respect 
to  the  axial  coordinate.  With  the  definitions 
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there  results 
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The  axial  gradient  of  the  azimuthal  velocity  component  can  be  replaced  by  Equ.  (2.7): 
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With  Equ.  (2.13),  Equ.  (2.12)  becomes 
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If  the  order  of  magnitude  assumptions  stated  earlier,  namely 
<  1  ,  c2<<1  Re  >>  1  Reckon) 

are  introduced  in  Equ.  (2.14),  there  is  finally  obtained 
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Equ.  (2.16)  shows  that  to  zeroth  order  the  pressure  gradient  along  the  axis  is  influenced  by  both,  convectional  and 
viscous  terms,  represented  by  the  two  integrals  on  the  right  hand  side  of  Equ.  (2.16).  In  fact,  if  the  radial  velocity 
component  is  assumed  to  be  a  slowly  varying  function  of  the  axial  distance  x,  and  if  v  is  close  to  zero  initially,  the 
second  integral  can  completely  be  neglected.  Then  the  increase  of  the  pressure  in  the  axial  direction  is  solely  £>uilt  up 
by  viscous  forces  (  in  the  frame  of  the  order  of  approximation  considered  here).  Note  that  the  factor  l/(Rec  ?  could 
could  have  been  absorbed  by  either  setting  it  equal  to  unity  or  by  coordinate  stretching.  It  was  left  in  the  equations  in 
order  to  indicate  the  contribution  of  the  viscous  forces. 


The  influence  of  the  first-order  terms  is  contained  in  Equ.  (2.14).  The  order  of  magnitude  requirements,  given  by  Equ. 
(2.15)  are  identical  with  boundary  layer  assumptions.  If  the  term  multiplied  by  t  is  maintained  in  the  approximation, 
also  terms  of  order  l /Re  must  be  carried  along.  The  first  order  terms  cause  an  increase  of  the  pressure  along  the  axis, 
if  the  first  inteqrai  in  Equ.  (2.14)  is  positive,  and  the  second  term  is  negative.  The  assumptions  given  by  Equ.  (2.15) 
become  invalid  in  the  immediate  vicinity  of  the  stagnation  point,  i,  e.,  the  point  where  the  breakdown  is  initiated. 


Hall's  observation  Ill  ,  quoted  in  the  introduction,  is  clearly  confirmed  through  Equ.  (2.16):  The  pressure  gradient  on 
the  axis  can  be  enforced  either  by  a  certain  distribution  of  the  azimuthal  velocity  component  or  by  a  pressure  gradient 
imposed  on  the  outer  flow,  i,  e.: 
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The  expressions  I.  and  L  designate  the  two  integrals  given  in  Equ.  (2.16).  If  the  pressure  gradient  on  the  axis  is 

required  to  be  positive,  tne  right  hand  side  of  Equ.  (2.17)  must  be  greater  than  zero.  This  can  be  enforced  either  by 
certain  distributions  of  the  azimuthal  velocity  components  which  are  such  that  the  bracketed  term  in  Equ.  (2.17)  is 
negative,  while  dp/  dx  (x,0>  is  zero,  or  for  a  non-vanishing  positive  pressure  gradient  the  bracketed  term  can  be 
smaller  in  magnitude.  In  other  w  ords.  Hail’s  statement  can  be  casted  into  the  following  form.  If  Ap(0)  is  the  pressure 
difference  along  the  axis  necessary  to  cause  breakdown,  then 
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In  Equ.  (2.18)  &p(a> )  is  the  pressure  difference  imposed  on  the  external  flow  in  the  axial  direction;  the  integration  has 
to  be  extended  over  the  length  L,  the  distance  between  the  point  of  initiation  and  of  breakdown  of  the  vortex. 

In  order  to  investigate  the  conditions  to  be  satisfied  for  breakdown,  an  estimate  of  the  integrals  is  given  in  the  next 
section. 


3.  Estimate  of  the  Axial  Pressure  Gradient 

Since  it  is  impossible  to  extract  further  information  from  the  integrals  I.  and  ^  additional  assumptions  must  be 
introduced.  The  simplest  assumption  which  can  be  made  for  the  azimuthal  velocity  component  near  the  axis  is  that  the 
flow  behaves  like  a  rigid  body,  i.  e.,  in  dimensionless  variables  w  -  r,  at  least  for  r  <rj,  where  r,  is  the  dimensionless 
radius  up  to  which  rigid  body  rotation  prevailes.  The  first  integral  Ij  yields  zero  for  r  «  r,  while  the  second,  I^,  is 
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In  order  to  obtain  an  estimate  of  the  integrals  and  1^  for  the  outer  portion  of  the  vortex,  a  distribution  of  the  form 
w  •  kr  n  >  0  13  2) 


is  assumed  for  the  azimuthal  component.  The  parts  of  the  integrands  containing  w  can  then  be  evaluated  by  means  of 
Equ.  (5.2).  There  is  obtained 
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so  that  the  pressure  gradient  along  the  axis  can  be  written  as 
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According  to  Equ.  (3.4)  the  magnitude  of  the  radial  velocity  component  v  and  the  exponent  n,  the  radial  decay  of  the 
azimuthal  velocity,  determine  the  sign  of  the  pressure  gradient.  Note  that  the  ratio  v/u  could  be  expressed  by  the 
continuity  equation  and  the  axial  momentum  equation 


f - '  f'J Lir'i^-ldf  1351 

U  r  *  3x  u2  Re  £  2  r  q  *j‘  3r '  dr' 

Then,  the  pressure  gradient  appears  also  on  the  riqbt-hand  side  of  Equ.  (3.4),  and  the  iiqn  is  basically  determined  hy  the 
second  integral  in  F qu.  '3.5),  which  is  more  complicated  than  Equ.  (3.4).  No  use  is  *  lerefore  made  of  Equ.  '3.5). 


Althouqh  Fqu.  (3.2)  is  restricted  to  a  certain  class  of  az;  uthal  velocity  profiles,  it  could  be  extended  to  fit  arbitrary 
profiles  by  choosing  n  variable  and  extending  the  last  two  integrals  in  Equ.  (3.4)  only  over  finite  radial  strips.  This 
would  yield  a  sum,  in  which  in  the  exponent  n  would  be  constant  only  for  every  single  strip.  In  the  limit  the  sum  could 
be  replaced  by  an  integration  over  the  radial  coordinate.  In  order  to  keep  the  analysis  as  simple  as  possible,  this  step  is 
not  introduced  here.  All  important  conclusions  can  be  oht  lined  from  Equ.  (3.4). 

The  influence  of  the  inner  part  of  the  vortex,  for  which  rigid  body  rotation  is  assumed  is  completely  determined  by  the 
radial  velocity  co»npo»>ent:  If  v  is  positive,  then  the  first  integral  in  Equ.  (3.4)  is  always  positive,  while  the  opposite  is 
true  for  a  negative  radial  velocity  component.  The  second  expression  in  Equ.  (3.4)  depends  on  both,  the  exponent  n  of 
the  radial  decay  for  the  azimuthal  velocity  component,  and  on  the  radial  velocity.  The  following  cases  can  be 
distinguished: 

Case  I; 

The  radial  velocity  component  is  positive  and  n  is  egual  to  one,  so  that  the  radial  distribution  of  the  azimuthal  velocity 
component  at  every  station  x  corresponds  to  that  of  a  potential  vortex.  Of  the  three  expressions  on  the  right-hand  side 
of  Equ.  (3.4)  only  the  first  is  different  from  zero.  The  vanishing  of  *h»»  two  latter  expressions  implies  that  a  potential 
vortex  cannot  support  an  axial  pressure  gradient.  For  a  positive  nc  >r.  .  velocity  component  the  pressure  gradient  is 
also  positive  end  vortex  breakdown  must  occur.  For  a  negative  r«t..al  velocity  component  the  axial  flow  is  being 
accelerated.  The  magnitude  of  the  axial  velocity  component  is  essential  for  the  pressure  gradient:  If  two  vortices  are 
compared  with  different  initial  axial  velocity  profiles,  the  one  with  the  larger  axial  velocity  component  will  encounter 
breakdown  further  downstream  than  the  vortex  in  which  the  axial  velocity  is  smaller. 


Case  2: 

The  exponent  n  is  smaller  than  one.  The  azimuthal  velocity  component  decays  less  than  that  of  the  potential  vortex.  If, 
as  before,  the  integrals  containing  the  radial  velocity  component  are  positive,  all  three  expressions  in  Equ.  (3.4)  are 
positive  so  that  the  pressure  gradient  is  larger  than  under  case  1.  Vortex  breakdown  must  occur  closer  to  the  point  of 
initiation  of  the  vortex,  tf  the  first  two  integrals  are  negative,  breakdown  is  delayed.  In  fact  it  may  not  occur  at  all. 


Case  3: 

The  exponent  n  is  larger  than  one.  The  azimuthal  velocity  component  has  a  steeper  radial  decay  than  that  of  the 
potential  vortex.  The  last  two  expressions  in  Equ.  (3.4)  are  now  negative  if  the  second  integral  (containing  v)  is 
positive.  Vortex  breakdown  is  delayed,  and  does  not  occur  if  also  the  first  integral  is  positive,  i.  e. 
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If  the  first  two  integrals  are  negative,  vortex  breakdown  is  possible  only  if 
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Also  note,  that  the  factor  ot  ,  the  ratio  of  the  maximum  azimuthal  velocity  and  t|>e,  freestream  velocity  can  be 
included  in  the  nondimensionaliz^tion  of  the  pressure,  so  that  p  is  referenced  to  got  u<D«or  ot  can  be  absorbed  by 
defining  a  new  coordinate  x  s  ct  x.  Then  from  the  above  relations,  in  particular  Equ.  (2.18),  it  is  clear  that  the  length 
L  between  the  point  of  initiation  and  of  breakdown  of  the  vortex  is  inversely  proportional  to  the  square  of  the 
maximum  azimuthal  velocity  and  directly  proportional  to  the  square  of  the  freestream  velocity  u^This  means  that 
vortex  breakdown  can  be  delayed  by  Increasing  the  former  and  decreasing  the  latter. 


4.  Concluding  Remarks 

By  casting  the  governing  equations  into  a  suitable  form,  it  could  be  shown,  how  the  pressure  gradient  along  the  axis  of 
a  vortex  can  be  expressed  by  integral  relations,  containing  the  radial,  axial,  and  azimuthal  velocity  components,  and 
radial  derivatives  of  the  azimuthal  velocity  components.  With  simple  assumptions  for  the  radial  distribution  of  the 
azimuthal  velocity  component  it  was  demonstrated  that  not  only  inertia  forces  but  also  viscous  forces  contribute  to 
the  initiation  of  the  breakdown  process,  which  requires  dp/3x(x,o)  to  be  positive.  If  the  radius  of  the  core  is 
increasing  in  the  direction  of  the  axial  flow,  i.  e.  the  radial  velocity  is  always  positive,  breakdown  must  eventually 
occur.  The  analysis  also  shows,  that  the  outer  portion  of  the  vortex  cannot  support  a  pressure  gradient  along  the  axis, 
if  the  radial  distribution  of  the  azimuthal  velocity  component  is  equal  to  that  of  a  potential  vortex;  that  a  positive 
pressure  gradient  dp/  9x  (x,o)  results,  If  the  radial  decay  of  the  azimuthal  velocity  components  is  less  steep  than  that 
of  the  potential  vortex  for  positive  radial  velocity  components,  and  that  an  increase  of  the  initial  axial  velocity 
component  delays  breakdown  as  does  a  decrease  of  the  maximum  azimuthal  velocity  component.  The  results  given  in 
this  analysis  a  valid  for  large  Reynolds  numbers  with  small  core  radii.  Extension  to  large  core  radii  should  be  possible. 
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NUMERICAL  SIMULATION  OF  VORTEX  BREAKDOWN  BY  THE  VORTEX-FILAMENT  METHOD 
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The  vortex-filament  method  was  applied  to  the  simulation  of  vortex  breakdown.  The  principal  vortex 
region  was  represented  by  multiple  filaments,  and  an  axial  velocity  component  was  induced  by  a  spiral  wind¬ 
ing  of  the  filaments,  first,  an  accuracy  check  was  performed  for  a  cylindrical  swirling  flow  with  simple 
analytical  expressions  for  the  axial  and  theta  velocities.  The  result  suggests  that  the  flow  field  can  be 
simulated  to  any  accuracy  by  Increasing  the  number  of  filaments.  Second,  an  axi symmetric-type  vortex 
breakdown  was  simulated,  with  experimental  data  serving  as  upstream  conditions.  The  calculated  axial-  and 
theta-velocity  contours  show  the  breakdown  of  the  vortex.  Including  a  rapid  change  in  the  vortex  core, 
followed  axially  by  a  recovery  zone  and  then  a  second  breakdown.  When  three-dimensional  initial  data  are 
used  the  second  breakdown  appears  to  be  of  the  spiral  type  in  correspondence  with  experimental  observa¬ 
tions.  The  present  method  can  easily  be  used  to  simulate  other  types  of  vortex  breakdown  or  other  vortex 
flows  with  axial  velocity. 


1.  INTRODUCTION 

The  phenomenon  of  vortex  breakdown  is  not  only  of  fundamental  Interest,  but  is  of  considerable  impor¬ 
tance  in  aerodynamics  as  well.  For  example,  vortex  breakdown  over  a  wing  usually  affects  the  aerodynamic 
performance  of  that  wing.  In  fact,  one  of  the  first  experimental  studies  of  vortex  breakdown  was  Peckham 
and  Atkinson's  investigation  (Ref.  1)  of  flow  over  a  delta  wing.  At  high  incidence  they  observed  break¬ 
down  (usually  defined  as  an  abrupt  change  along  the  vortex  axis  with  a  limited  region  of  flow  reversal)  of 
the  pair  of  vortices  formed  at  the  leading  edge  of  a  delta  wing.  Since  then  many  other  experiments  of 
vortex  breakdown  have  been  carried  out.  Those  studies  revealed  three  basic  patterns  of  breakdown:  axi- 
symnetric,  spiral,  and  double-helix.  Flow  visualizations  by  Sarpkaya  (Ref.  2)  show  these  patterns  in 
water.  He  systematically  measured  the  relationship  between  Reynolds  nunber,  the  position  of  breakdown, 
the  pattern  of  breakdown,  and  the  amount  of  swirling.  Lamboume  and  Bryer's  study  of  flow  over  a  delta 
wing  (Ref.  3;  see  also  Ref.  4)  clearly  shows  two  different  patterns  of  vortex  breakdown,  axisymnetric  and 
spiral,  occurring  at  the  same  time.  Recently,  Faler  and  Leibovich  proposed  a  more  detailed  classification 
scheme  for  vortex  breakdown  based  on  extensive  observations  (Ref.  5)  and  obtained  measurements  of  velocity 
profiles  using  a  laser  Doppler  velocimeter  (Ref.  6).  Escudler  and  Zehnder  (Ref.  7)  have  proposed  a  simple 
criterion  for  vortex  breakdown,  using  extensive  flow-visualization  data.  See  Hall  (Ref.  4)  and  Leibovich 
(Ref.  8)  for  a  review  of  these  studies,  as  well  as  theoretical  efforts  on  vortex  breakdown. 

On  the  theoretical  side,  Benjamin's  finite  transition  theory  (Ref.  9)  proposes  that  the  breakdown  of 
swirling  flow  corresponds  to  the  transition  from  supercritical  to  subcrltical  flow  in  a  hydraulic  jump  in 
open-channel  flow.  On  the  other  hand,  Ludwieg  (Ref.  10)  proposed  an  Instability  theory  for  swirling  flows 
in  which  vortex  breakdown  is  attributed  to  the  growth  of  instability  waves  on  the  vortex  core  by  increas¬ 
ing  helical  Interference  vortices. 

In  an  attempt  to  treat  vortex  breakdown  numerically.  Hall  (Ref.  11)  derived  a  boundary-layer-like 
equation  and  solved  It  by  a  marching  method.  This  scheme  assumes  axisymnetric,  steady  flow  and  can  treat 
an  arbitrary  upstream  flow  field.  Since  the  equation  Itself  is  parabolic,  there  is  some  dispute  over 
whether  this  type  of  equation  Is  valid  for  sudden  changes  in  flow  structure.  More  recently,  Grabowski  and 
Berger  (Ref.  12)  solved  the  Navier-Stokes  equations,  using  Chorin’s  artificial  compressibility  method,  to 
simulate  axisymnetric  vortex  breakdown.  This  scheme  also  assumes  steady  flow  and  appears  to  be  limited  to 
low  Reynolds  nianbers. 

It  is  clearly  desirable  to  attack  the  vortex-breakdown  problem  nunerlcally  with  a  three-dimensional 
capability.  According  to  detailed  observations,  even  an  axi symmetric- type  vortex  breakdown  includes 
three-dimensional  motion.  In  this  paper,  we  present  the  result  of  ntxnerical  simulations  of  vortex  break¬ 
down,  using  the  three-dimensional  vortex-filament  method  developed  by  Leonard  (Ref.  13).  In  particular, 
we  have  studied  the  axisymnetric  breakdown.  Our  present  results  are  for  both  axisymnetric  and  three- 
dimensional  initial  data.  It  is  our  view  that  the  primary  role  of  Reynolds  number  Is  in  shaping  the 
Internal  structure  of  the  vortex  core  upstream  of  the  breakdown.  As  shown  below,  the  upstream  conditions 
can  be  duplicated  by  proper  choice  of  the  filament  geometry  and  strength.  The  process  of  breakdown  occurs 
rapidly  and  is  therefore  dominated  by  nonlinear  inviscid  phenomena,  well  described  by  the  dynamics  of  the 
vortex-filament  method.  In  a  similar  approach,  Del  Prete  (Ref.  14)  modeled  vortex  breakdown  using  the 
vortex  method.  However,  she  used  only  parallel  longitudinal  vortex  filaments  upstream  -  with  no  axial 
velocity  component  -  interacting  with  a  vortex  ring  to  produce  a  structure  suggestive  of  vortex  breakdown. 

Although  this  report  is  concerned  with  the  simulation  of  vortex  breakdown,  the  method  used  can  treat 
any  system  of  vortices  with  or  without  axial  velocity  distribution  and,  for  example,  should  be  capable  of 
simulating  in  detail  the  merging  process  of  aircraft  wake  vortices. 


2.  NUMERICAL  METHOD 

The  vortex-filament  method  was  developed  by  Leonard  (Ref.  13)  and  successfully  applied  to  the  wake- 
vortex  Interaction  problem  behind  large  jet  aircraft  (e . g - ,  B-747 )  and  to  the  spot-like  disturbance  in  a 
laminar  boundary  layer.  This  method  seems  well  suited  to  the  simulation  of  vortex  breakdown.  In  that  com¬ 
putational  elements  are  required  only  for  the  vorticity-contalning  fluid  in  and  near  the  flow  region  where 
vortex  breakdown  is  occurring.  Furthermore,  in  the  vortex  filament  method  rapid  changes  in  the  flow 
pattern  with  three-dimensionality  can  be  represented  with  minimal  error  due  to  numerical  diffusion.  The 
vortex-filament  method  Is  generalized  from  the  two-dimensional  vortex-blob  method  to  three  dimensions  by 
asswing  that  the  vorttcity  field  Is  represented  by  a  collection  of  tubes  or  filaments  of  vorticlty  defined 
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by  the  space  curves  [rf(s.t),  i  *  1,  2,  ...»  L],  where  £  is  a  parameter  along  the  curve  and  L  is  the 
number  of  the  vortex  filaments.  The  vortex-filament  method  does  not  have  a  singular  vorticity  distribution 
inside  the  vortex  filament  as  does  the  classical  point-vortex  method. 


The  dynamics  of  these  filaments,  consistent  with  the  theorems  of  Helmholtz  and  Kelvin,  is  given  by 
(C .t)  J  f  (r,  -  fj)  »  (siVj/H'Jsdrj  -  i-j j ,c1 , cj)<U' 
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The  "s"  function  Included  in  this  equation  is  related  to  the  vorticity  distribution  inside  a  vortex 
filament.  Leonard  (Ref.  13)  gave  two  particular  choices  of  the  function  "s."  In  this  paper  we  use  the 
so-called  "scheme  C,"  which  is  of  the  form 
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where  the  choice  a  =  0.413  for  a  Gaussian  distribution  of  vorticity  within  the  core  yields  the  correct 
speed  of  a  single  vortex  ring. 

In  vortex-flow  simulations,  the  following  two  flow  representations  are  possible: 

1.  Single  filament  to  represent  each  physical  vortex 

2.  Multiple  filaments  to  represent  each  physical  vortex 

The  first  method  was  used  for  test  problems  which  are  not  described  here.  These  are  the  Interaction 
of  four  vortex  rings  and  the  interaction  of  two  pairs  of  wake  vortices  that  cross  at  a  right  angle  with 
some  clearance.  The  results  were  successful  and  convincing.  In  particular,  the  first  case  produced 
results  very  close  to  those  of  experiment  (Ref.  15).  These  preliminary  results  were  encouraging  for  the 
application  of  this  method  to  vortex  breakdown.  However,  the  single-filament  representation  is  appropri¬ 
ate  only  when  the  Internal  structure  is  not  of  major  inportance.  The  multiple-filaments  representation 
has  to  be  considered  when  the  internal  structure,  including  axial  flow,  has  a  significant  effect  on  the 
dynamics.  In  this  paper  we  use  the  latter  representation  to  simulate  vortex  breakdown.  If  this  method 
proves  successful  and  If  a  detailed  procedure  is  established,  many  new  applications  to  practical  flows 
dominated  by  vortices  may  be  attempted. 


3.  ACCURACY  CHECK  OF  THE  VORTEX-FILAMENT  METHOD 

Me  first  performed  an  accuracy  check  for  the  three-dimensional  vortex-filament  method.  A  flow  with  a 
simple  analytical  expression  was  chosen,  and  its  vorticity  was  represented  by  vortex  filaments.  Then  the 
velocity  field  Induced  by  the  filaments  was  compared  with  the  idealized  field.  This  method  has  two  numeri¬ 
cal  parameters:  the  core  radius  and  the  initial  spacing  between  the  vortex  filaments.  The  accuracy  is 
expected  to  improve  when  the  number  of  the  filaments  used  Is  increased,  which  makes  the  average  distance 
between  neighboring  vortex  filaments  smaller.  It  is  also  Interesting  to  estimate  the  relation  between  the 

optimal!  core  radius  and  the  average  distance.  Me  did  a  similar  stu<(y  in  two  dimensions,  with  Gaussian 

cores  (see  Ref.  16).  The  results  suggested  the  relation  o  -  s*'*75,  where  a  is  the  core  radius  and  a 

is  the  average  distance.  This  means  that  the  core  radius  should  tend  to  zero  more  slowly  than  the  average 

distance  does. 

For  the  test,  it  is  convenient  to  choose  a  flow  in  which  the  vorticity  sharply  declines  with  the  dis¬ 
tance  from  the  axis.  The  following  expressions,  often  used  for  unbounded  swirling  flow,  satisfy  these 
requi remen ts : 


»,  ■  ii  ♦  a2  exp(-a,r2)  (3) 

v8  ‘  r«tl  -  e*P(-bjr2)]/r  (4) 

Vr  ■  0  (5) 

where  Vx  Is  the  axial-velocity  component,  V.  the  theta  velocity,  and  V-  the  radial  velocity.  The 
values  actually  used  for  the  parameters  are 

a,  •  0.95  ,  a2  ■  1.55  ,  a,  *  10  ,  b2  •  10.9  ,  and  r,  *  0.825 

which  approximate  those  obtained  in  an  experiment  inside  a  pipe  (private  cosmwnication,  Uchida  et  al., 
Nagoya  Only.),  as  shorn  in  Fig.  1.  Me  are  not  concerned  with  the  wall  region  where,  of  course,  the 
idealized  velocity  does  not  match  the  experimental  velocity  because  we  are  simulating  an  unbounded  flow. 
The  measurements  were  obtained  by  a  laser  Doppler  velocimeter  for  axisynmetric  vortex  breakdown  at  • 
Reynolds  mmber  of  2300.  Figure  la  shots  the  axial  velocity  comxment  of  Eq.  (3)  which  is  high  near  the 
axis  and  approaches  0.95  (potential  floi)  is  the  radius  Increases.  Needless  to  say,  this  profile  includes 
the  axial  flow  inside  the  vortex.  Figure  lb  shows  the  theta  velocity,  with  almost  rigid  rotation  neer  the 
axis  and  a  maximum  value  at  r  •  0.34.  Beyond  this  point  the  profile  becomes  proportional  to  1/r  and 
represents  a  potential  swirling  flow  for  larger  values  of  the  radius.  Figure  2  shows  the  theU-vorticity 
distribution,  which  was  calculated  from  the  axial  velocity  by  the  relation  *  -dV./dr,  assuming  a 
cylindrical  flo*.  At  r  *  0.22,  the  theta  vorticity  has  a  maxima*  value.  Figure  3  shows  the  axlal- 
vorticity  distribution,  which  was  calculated  from  the  theta  velocity  by  the  relation  *,  •  d(rV.)/dr/r, 
assuming  a  cylindrical  flow.  This  Is  a  Gaussian  distribution,  figure  4  shows  the  distribution  of  the 
clrculetlon,  which  Is  calculated  by  the  expression 
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This  has  a  familiar  pattern  of  positive  curvature  near  the  x-axis  approaching  a  constant  value  at  Infinity. 
Figure  5  shows  the  magnitude  of  the  vorticity  vector  as  a  function  of  r.  The  deflection  angle  of  the 
vorticity  from  the  x-axis  Is  also  shown  (dashed  line);  it  Increases  monotonically  with  radius.  Figure  6 
shows  a  three-dimensional  picture  of  the  vorticity  vector  along  the  radial  direction.  It  can  be  seen  that 
the  vorticity  maintains  a  moderate  deflection  angle  for  all  radii. 

We  now  discuss  the  problem  of  discretizing  the  idealized  vorticity  field  with  helical  vortex  filaments. 
The  circulation  and  helicity  of  each  filament  as  well  as  their  distribution  in  space  must  be  chosen  to 
represent  the  Idealized  vorticity  field  as  well  as  possible.  We  divided  the  circular  cross  section 
radially  into  a  number  of  zones  or  rings.  Each  radial  zone  in  turn  contains  a  number  of  filaments  dis¬ 
tributed  uniformly  in  the  azimuthal  direction.  In  the  present  simulation  we  used  more  filaments  per  unit 
area  near  r  a  0  where  the  vorticity  is  maximum.  Using  a  nonuniform  radial  distribution  of  filaments 
allowed  us  to  obtain  a  more  accurate  representation  of  the  Idealized  flow. 

First,  we  discuss  the  method  used  to  obtain  the  filament  circulations.  For  simplicity  of  analysis, 
we  assume  infinite,  straight  vortex  filaments  with  axes  in  the  x-direction,  distributed  continuously  along 
the  circumference  of  each  ring  at  the  radii  r^.  We  have  the  following  expression  for  the  axial  vorticity 
produced  by  one  of  these  cylindrical  shells  of  vorticity 


-  £  f 


yrj  de  dx’ 
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where  rM  is  the  circulation  per  unit  circumference,  and  y  Is  the  distribution  function  of  vorticity 
Inside  a  filament  which  Is  calculated  from  Eq.  (2)  as  follows: 

y(y)  *  (ds/<ty)/4wy!  -  (3ao2/4*)[y2  +  ao2]'5/2  (8) 

Equation  (7)  with  substitution  of  Eq.  (8)  may  be  Integrated  analytically  to  obtain 
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We  determine  the  optimum  circulation  distribution  TXj  for  given  axial  vorticity  distribution  by  minimizing 

the  square  error  with  the  total  circulation  fixed.  This  leads  to  the  following  expression  for  the  H 
function 


j[  (*x-f:  Txjflj  *•  +  2’>r1r*i  -  cj 


(10) 


where  C  is  the  total  circulation.  Differentiating  H  with  respect  to  the  rx^  and  X  yields  the  follow¬ 
ing  simultaneous  equations  for  rx^ : 


■  l  *1  (f)w.k(r)drrXf  +  X2xrk  «  2  ^  uxyk(r)o.  ,  k  »  1,2 . 
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Solving  Eqs.  (11),  we  obtain  the  optlmurt  circulation  distribution  rXf  for  each  ring.  If  Is  the 
number  of  filaments  placed  In  the  1th  ring  then  the  circulation  of  each  of  these  filaments  Is  given  by 


Tj  *  2wrirx1/Ni 


(12) 


The  next  step  Is  to  determine  the  angle  each  helical  filament  makes  with  the  x-axis,  the  deviation 
angle.  For  this  purpose  we  assume  that  the  theta  component  of  vorticity  is  distributed  continuously  and 
uniformly  along  the  x-dlrectlon  with  r9^  circulation  per  unit  axial  length  for  the  1th  ring.  Again, 

using  Eq.  (8)  we  find  that  the  1th  ring  of  distributed  theta  vorticity  contributes  to  the  theta  vorticity 
component  as  follows 
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The  same  minimization  procedure  used  above  was  used  to  determine  the  optlmun  re^  except  that  total  vor¬ 
ticity  constraint  is  r,  leposed  In  this  case.  Finally  the  deviation  angle  from  the  x-axis  of  each  fila¬ 
ment  In  ring  1  was  determined  by 

tan  aj  -  Tef/rXi  (14) 
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By  using  the  circulations  and  deviation  angles  for  each  ring,  we  calculated  the  Induced  velocity  at  a 
cross  section  using  the  following  expressions: 

V  *  -(1/**)  £  Tj  f  ajR,[r  s1n(«jX'  +  9.)  -  Rj]/F  dx’ 

Vy  -  jfc  (Vy  sin  8j  -  vj  cos  6j)  -  (15) 

Vz  »  (Vy  cos  flj  +  vj  sin  e j) 

where 

F  *  [xl2  -  2yRj  cos(ajX')  -  2zRj  sln(ajX')  ♦  Rl  +  ooj  +  r2]’/2 
Vy  *  -(l/4»)rj  J  [z  sin  9j  -  y  cos  8j  -  Rj  sln(ajx')  +  ajRjX'  cos(ajX')]/F  dx' 

Vj  «  -(l/4w)r j  J  [-y  sin  9j  -  z  cos  9j  +  Rj  cosUjx’)  +  ajRjX1  s1n(ajx“)]/F  dx’ 

Pj  =.  2-r/Xj  .  9j  -  0j  -  6 

(Rj,9j)  and  (r,e)  are  the  coordinates  of  the  filament  and  the  point  where  the  Induced  velocity  is  required, 
respectively,  and  p<  Is  the  filament  pitch.  These  expressions  are  obtained  by  transforming  the  original 
expressions  of  the  induced  velocities,  written  in  the  Cartesian  coordinates,  using  the  relations  repre¬ 
senting  the  spiral  shape  of  the  filaments. 

As  our  first  test  of  our  discretized  vortlcity  field  we  calculated  the  distribution  of  the  Induced, 
unperturbed  axial  and  theta  velocity  components  of  the  upstream  flow,  which  for  the  test  extended  over  the 
entire  x-axIs.  The  actual  Integration  was  performed  numerically  from  -10  to  10  using  Simpson's  rule  with 
a  spacing  of  0.04  for  x.  Four  rings  were  used  radially  with  radii  at  0.06,  0.18,  0.30,  and  0.42  with 
6,  6,  8,  and  8  filaments  in  the  respective  rings.  The  core  radius  a  of  each  filament  was  0.16.  The 
results  along  the  z-axls  are  depicted  In  Fig.  7  and  show  very  good  agreement.  To  check  for  uniformity  In 
the  azimuthal  direction  we  obtained  contour  plots  of  the  Induced  velocity  field  in  a  plane  normal  to  the 
x-axis.  These  are  shown  in  Fig.  8  along  with  corresponding  contours  of  the  Idealized  field.  Generally  we 
obtained  a  very  good  representation  of  the  idealized  field  with  a  tendency  to  slightly  underestimate 
idealized  values. 


4.  SIMULATION  OF  VORTEX  BREAKDOWN 

For  conditions  upstream  of  vortex  breakdown  we  assumed  the  Idealized  flow  from  above  and  therefore  we 
used  the  filament  parameters  determined  above.  There  might  be  some  dispute  over  the  difference  between  the 
experimental  flow  Inside  the  pipe  and  the  unbounded  flow  assumed  for  the  simulation.  As  mentioned  above, 
stable  vortex  breakdowns  are  produced  Inside  the  pipe  with  a  divergent  wall  or  without.  Although  some 
differences  might  exist  between  the  two  configurations,  we  assiane  the  essential  ingredients  remain  for 
vortex  breakdown  In  unbounded  flow.  Experimentally,  vortex  breakdown  Is  easily  observed  In  a  pipe  at  mod¬ 
erate  Reynolds  ninber  which  makes  quantitative  measurements  less  difficult. 

In  Its  present  form  the  vortex  filament  method  does  not  explicitly  Include  the  effect  of  viscous  dif¬ 
fusion.  Therefore,  we  cannot  say  anything  about  the  effect  of  Reynolds  number  on  the  breakdown  process 
Itself.  We  assume  this  process  to  be  dominated  by  nonlinear  Invlscld  effects.  However,  the  upstream  pro¬ 
files  within  the  vortex  depend  on  Reynolds  mater  as  well  as  the  vane  angles  which  control  the  amount  of 
swirling.  However,  by  shaping  the  vortex  filaments  upstream  of  breakdown  we  can  reproduce  any  desired 
velocity  (and  hence  vortlcity)  profiles.  In  this  sense  we  can  follow  changes  in  Reynolds  number,  and  In 
the  present  simulation  we  attempt  to  simulate  a  vortex  breakdown  occurring  at  an  experimental  Re  >  2300. 

For  maerlcal  purposes,  we  divided  the  flow  domain  Into  four  axial  subregions  (Fig.  9).  For  simplicity 
Just  one  filament  Is  shown.  Regions  I,  II,  and  IV  have  predetermined  filament  geometries.  Only  In 
region  III  is  the  flow  simulated  fully.  Regions  I,  II,  and  IV  are  constructed  to  provide  high-quality 
boundary  data  for  region  III.  Regions  I  and  IV  consist  of  straight,  semi-infinite  filaments  that  Induce 
a  swirl  component  on  the  filaments  In  region  III.  Here,  analytical  expressions  were  used  for  the  Induced 
velocity.  For  example,  If  one  of  these  semi -Infinite  filaments,  parallel  to  the  x-axis,  extends  from 
(x,,  ye,  z,)  to  minus  Infinity,  the  analytical  Induced  velocity  Is  as  follows: 


Vy  •  -{r/4.)(z  -  z,)F 
Vj  •  (r/4v)(y  -  y,)F 


where 


F  =  t (x0  -  x)/[(x  -  x0)J  +  (y  -  y,)2  +  (z  -  zo)2  +  A]l/2  +  1 >/[ (y  -  y0)2  +  (z  -  z0)2  +  A] 

A  =  a(o|  ♦  Oj)/2 

Region  II  consists  of  spiral  or  helical  filaments  which  rotate  and  translate  with  fixed,  predetermined 
velocities.  The  filaments  in  this  region  also  Induce  velocity  on  the  filaments  in  region  III.  Filament 
geometries  and  strengths  in  region  II  were  determined  as  in  the  previous  section.  Thus  the  filaments  in 
region  III  move  according  to  an  induced  velocity  from  the  filaments  of  region  III  as  well  as  all  other 
regions,  using  the  dynamic  equation,  the  Biot-Savart  Law. 

A  Runge-Kutta  fourth-order  scheme  was  used  for  time-integration.  Special  attention  was  given  to  the 
filaments  -f  region  II.  Because  the  Runge-Kutta  scheme  requires  four  different  substeps  to  obtain  the 
final  sole-ion  at  each  time-step,  we  must  use  three  different  geometries  other  than  the  "exact  geometry" 
to  simulate  precisely  the  Runge-Kutta  errors  that  are  being  made  in  the  upstream  part  of  region  III.  Both 
the  radius  and  phase  angle  were  precalculated  for  each  substep  and  stored  in  the  program. 

At  each  time-step  node  points  were  redistributed  and,  if  necessary,  added  to  each  filament  to  maintain 
a  nearly  constant  distance  between  points.  This  was  accomplished  by  using  a  parametric  spline  fit  to 
obtain  the  space  curve  defining  a  given  filament. 

At  present  we  have  insufficient  knowledge  about  the  initial  disturbance  necessary  to  produce  vortex 
breakdown.  Each  type  of  vortex  breakdown  might  need  a  different  initial  perturbation.  At  least  it  might 
be  natural  to  consider  that  the  three-dimensional  type  breakdown  will  need  a  three-dimensional  disturbance. 
Preliminary  axisymmetric  calculations  showed  that  a  small  amplitude  disturbance  on  a  vortex  with  no  axial 
flow  resulted  only  in  weak  traveling  waves,  but  a  large  amplitude  disturbance  causes  breakdown  similar  in 
appearance  to  wave-breaking.  Experimentally,  vortex  breakdown  is  sometimes  very  sensitive  to  a  disturbance 
in  that  a  change  in  breakdown  pattern  occurs  even  if  the  same  upstream  conditions  are  maintained.  In  this 
report  we  present  results  for  two  initial  disturbances.  Case  I  had  an  axi symmetric  disturbance  and  Case  II 
had  a  three-dimensional  disturbance. 

The  top  function  (t  ■  0)  in  Fig.  10a  shows  the  initial  geometry  of  the  vortex  filaments  used  for  Case  I 
and  represents  a  large  amplitude  disturbance.  The  region  of  full  simulation  (region  III)  extends  over  the 
range  0  <  x  <  5.  In  0  <  x  <  3,  the  helical  geometry  of  the  upstream  flow  was  used,  but  in  3  <  x  <  4,  the 
helices  gradually  reverse  pitch  and  the  pitch  was  elongated  by  a  factor  of  1.4  In  this  decelerating  -eqion. 
In  4  <  x  <  5,  straight  filaments  were  used. 

Figure  10  also  shows  the  time  variation  in  the  vortex  filaments.  The  time-step  was  0.2.  A  uniform 
axial  velocity  of  0.4  (potential  flow)  was  added  to  that  Induced  by  the  vortex  filaments.  This  value  was 
chosen  after  the  results  of  preliminary  runs  were  available,  giving  us  an  estimate  of  the  speed  of  the 
disturbance.  If  this  flow  component  is  not  chosen  with  some  accuracy  the  disturbance  will  rapidly  move 
toward  one  of  the  computational  boundaries.  However,  this  value  does  not  play  an  essential  part  in  flow 
pattern,  because  this  is  Just  the  moving  frame  through  which  we  see  the  phenomenon.  Alternatively,  one 
could  continually  adjust  the  free-stream  component  during  the  simulation  to  keep  the  disturbance  centered. 
During  the  first  few  time-steps,  a  remarkable  vortex  swelling  can  be  seen  in  the  downstream  region  where 
the  initial  disturbance  had  a  flow  reversal  (t  -  1).  This  swelling  moves  downstream  (t  «  2).  At  later 
times  these  vortex  filaments  are  elongated  in  the  axial  direction  and  in  particular  the  filaments  in  the 
third  ring  appear  almost  parallel  to  the  x-axIs  (t  1  2  and  t  *  3).  Just  downstream  of  this  region  a 
narrow  region  with  small  pitch  can  be  observed  (t  *  3).  A  central  region  which  appears  devoid  of  filaments 
due  to  the  elongation  and  straightening  of  the  filaments  can  also  be  seen  at  t  ■  6  In  the  middle  of  the 
picture.  This  region  moves  upstream  and  Is  a  manifestation  of  the  axisymnetrlc  vortex  breakdown.  On  the 
other  hand,  at  t  *  4  the  filaments  in  the  second  and  third  rings  show  disorder  just  downstream  of  the 
center  of  the  picture,  followed  by  a  contraction  toward  the  x-axis  near  the  downstream  boundary.  In  con¬ 
trast  with  this,  the  filaments  In  the  outermost  ring  show  slight  expansion  near  the  downstream  boundary 
with  some  contraction  upstream.  At  later  times  the  outermost  filaments  establish  a  wavy  pattern  downstream 
of  the  first  expansion.  At  t  ■  6  most  filaments  have  become  very  disordered  near  the  downstream  boundary. 
Just  upstream  of  this  expansion  the  filaments  of  the  second  and  third  rings  have  become  "untied"  and  elon¬ 
gated  in  the  axial  direction.  Another  Interesting  feature  is  that  the  filaments  in  the  Innermost  ring 
contract  to  r  =  0  at  the  station  where  the  outer  filaments  show  the  expansion  at  t  *  2.  This  region  of 
contraction  has  a  long  axial  extent  by  t  *  3  and  then  moves  downstream  with  time. 

In  Case  II  we  added  a  three-dimensional  perturbation  to  the  initial  disturbance  as  shown  in  Fig.  10b 
(t  *  0).  The  perturbation  was  caused  by  adding  a  radial  displacement  to  each  filament  which  was  a  sinu¬ 
soidal  function  of  th-ta  (wavenumber  -  1)  and  was  nonzero  and  sinusoidal  In  x  for  3  <  x  <  4.  It  can  be 
seen  that  differences  in  the  filament  configurations  between  Case  I  and  Case  II  persist  in  time  but  remain 
confined  to  the  downstream  end  of  the  computational  domain. 

Figure  11  shows  the  contours  of  axial  velocity.  Solid  lines  denote  positive  values  and  dashed  lines 
negative  values.  Figure  11a  shows  Case  I.  Initially  (t  •  0),  a  downstream  region  of  low  axial  velocity  Is 
shown  as  expected  from  the  Initial  geometry  of  the  filaments.  By  t  ■  1  this  low-velocity  region  has  gone 
through  the  downstream  boundary  and  cannot  be  seen.  Instead  a  high-velocity  region  appears.  Between  t  •  1 
and  t  *  2  this  high-velocity  region  enlarges  and  moves  downstream.  At  later  times  we  see  the  development 
and  enlargement  of  a  low-velocity  region  upstream  of  the  high-velocity  region.  Meanwhile,  the  peak  velocity 
In  the  high-speed  region  Is  decreasing.  At  t  •  7  and  t  *  8  we  see  another  interesting  feature.  Near 
the  downstream  boundary  another  low-velocity  region  appears.  Apparently,  a  second  breakdown  is  occurring 
near  the  downstream  boundary.  Experimentally  it  Is  very  often  observed  that  axisymmetric  vortex  breakdown 
Is  followed  by  a  second  breakdown  of  the  spiral  type.  In  the  experiment  used  to  determine  the  upstream 
conditions  a  clear  spiral-type  vortex  breakdown  was  observed.  However,  the  axlsyamietrlc  Initial  distur¬ 
bance  for  Case  I  only  leads  to  axisymnetrlc  flow. 


i 


Next,  we  discuss  ~ase  II  (Fig.  lib),  having  a  three-dimensional  Initial  disturbance.  Generally, 

Case  II  shows  a  pattern  similar  to  that  of  Case  I.  However,  we  again  see  that  three-dimensionality 
remains  at  later  times,  but  only  near  the  downstream  boundary.  As  seen  at  t  *  5  and  later,  the  contours 
in  the  first  breakdown  are  very  similar  to  those  in  Case  I  and  appear  axi symmetric.  But  the  second  break¬ 
down  is  distorted,  not  axisynwetric,  and  appears  to  be  rotating  around  the  x-axis  (as  seen  in  the  down¬ 
stream  region  at  t  *  7  and  8).  This  is  suggestive  of  a  vortex  breakdown  of  the  spiral  type. 

Figure  12  shows  the  theta  velocity  contours.  For  Case  I  at  t  *  0,  the  contours  show  no  disturbance 
In  the  theta  velocity  because  the  filaments  are  distorted  initially  only  in  the  theta  direction.  At  t  =  1, 
swelling  of  contour  lines  can  be  seen  in  the  region  of  the  Initial  perturbation.  At  t  *  2  an  interesting 
phenomenon  appears  downstream.  Another  swelling  after  the  first  swelling  can  be  seen  near  the  downstream 
boundary.  At  this  time  the  swelling  of  the  filaments  near  the  x-axis  seen  at  t  *  1  has  disappeared. 

The  contours  at  t  a  3  are  similar  to  those  at  t  =  2.  Between  t  *  2  and  t  =  4  the  axial  position  of 
the  maximum  swelling  of  the  level  3  contour  clearly  moves  upstream.  After  t  =  6  the  first  swelling 
spreads  to  the  contours  near  the  x-axis.  The  first  and  the  second  swellings  correspond  to  the  two  break¬ 
downs  observed  above. 

For  Case  II  (Fig.  12b)  we  see  that  at  t  *  0  the  contour  lines  have  a  slightly  crooked  pattern  for 
3  <  x  <  4  where  the  initial  three-dimensional  disturbance  was  imposed.  At  t  *  1  we  can  see  the  clear 
three-dimensional  wavy  pattern  inside  the  region  of  swelling.  At  t  =  2  the  three-dimensionality  moves 
toward  the  downstream  boundary  and  seems  to  disappear  until  t  =  7.  At  t  *  7  and  t  =  8  we  clearly 
observe  three-dimensionality  near  the  downstream  boundary  and  a  comparison  of  the  contours  at  these  two 
times  indicates  a  rotating  disturbance.  This  is  in  contrast  with  the  first  breakdown  whose  contours 
appear  to  be  nearly  axi syrane trie  and  agree  well  with  those  of  Case  I.  We  conclude  that  the  complete  pat¬ 
tern  of  an  axisymmetric  vortex  breakdown  followed  by  a  breakdown  of  the  spiral  type  was  simulated  by  allow¬ 
ing  for  three-dimensional ity. 


5.  CONCLUDING  REMARKS 

The  vortex-filament  method  was  applied  to  the  numerical  simulation  of  vortex  breakdown,  which  is 
intrinsic  to  the  longitudinal  vortex.  Generally,  there  are  three  types  of  vortex  breakdown:  axi symmetric, 
spiral,  and  double  helix.  In  this  paper  we  simulated  the  axisymmetric  type  of  vortex  breakdown.  Generally, 
It  Is  difficult  to  obtain  information  experimentally  due  to  the  sensitivity  of  breakdown  to  any  perturba¬ 
tion.  Calculated  results  should  be  helpful  to  understand  this  complicated  phenomenon.  The  principal 
vortex  region  was  represented  by  the  multiple  filaments.  One  filament  Is  not  enough  to  represent  this 
complicated  flow  field.  In  particular,  the  present  method  can  Include  axial  flow  which  is  often  observed 
in  physical  vortices. 

Vortex  breakdown  was  simulated  under  the  assumption  of  nonlinear,  invlscid  dynamics  of  vorticity  using 
the  three-dimensional  vortex-filament  method.  Viscous  effects  are  assumed  to  be  important  only  in  forming 
upstream  velocity  profiles.  Upstream  profiles  were  simulated  accurately  with  helical  vortex  filaments  by 
choosing  pitch  and  circulation  to  minimize  the  error.  First,  an  accuracy  check  was  performed  for  a  cylindi- 
cal  flow  with  simple  analytical  functions  for  the  axial  and  theta  velocities.  This  profile  was  the  Idealiza¬ 
tion  for  the  experimental  data  used  for  the  vortex -breakdown  simulation.  Comparison  of  the  simulated 
results  with  the  Idealized  flow  suggests  that  the  flow  field  can  be  simulated  to  any  accuracy  by  Increasing 
the  number  of  the  filaments. 

Two  cases.  Case  I  and  Case  II,  were  calculated  to  simulate  axi symmetric- type  breakdown.  In  order  to 
create  a  strong  Initial  disturbance,  the  filaments  in  the  downstream  axial  region  were  provided  with  a 
change  in  pitch.  We  used  two  kinds  of  initial  disturbance  to  see  their  effect  on  vortex  breakdown.  Case  I 
had  an  axisymmetric  disturbance  and  Case  II  had  a  three-dimensional  disturbance.  Filament  configurations 
and  contour  plots  of  velocity  showed,  for  both  cases,  two  simultaneous  vortex  breakdowns.  One  vortex  break¬ 
down  was  similar  in  both  cases  and  was  axisymnetrlc.  The  other  vortex  breakdown  was  axisymmetric  for  axi- 
synmetrlc  disturbances  and  three  dimensional  for  three-dimensional  disturbances.  The  latter  case  agrees 
with  the  experimental  observations  where  an  axi  symmetric  vortex  breakdown  Is  followed  by  a  spiral -type 
breakdown. 

Other  types  of  breakdown  (spiral  and  double-helix)  should  be  possible  to  simulate  by  this  method. 

The  present  method  can  also  be  applied  to  other  vortex  flows  with  axial  velocity  profile. 


REFERENCES 

1.  Peckham,  D.  H.  and  Atkinson,  S.  A.,  "Preliminary  Results  of  Low  Speed  Wind  Tunnel  Tests  on  a  Gothic 
Wing  of  Aspect  Ratio  1.0,"  Aeronautical  Research  Council  C.P.  No.  508,  1960. 

2.  Sarpkaya,  T.,  "On  Stationary  and  Travelling  Vortex  Breakdown,"  J.  Fluid  Mech.,  Vol.  45,  1971, 
pp.  545-559. 

3.  Lamboume,  N.  C.  and  Bryer,  D.  W.,  "The  Bursting  of  Leading  Edge  Vortices  -  Some  Observations  and 
Discussion  of  the  Phenomenon,"  Aeronautical  Research  Council  R  and  M  3282,  1962. 

4.  Hall,  M.  G.,  "Vortex  Breakdown,"  Annual  Review  of  Fluid  Mechanics,  Vol.  4,  1972,  pp.  195-218. 

5.  Faler,  J.  H.  and  Lelbovlch,  S.,  "Disrupted  States  of  Vortex  Flow  and  Vortex  Breakdown,"  Phys.  Fluids, 
Vol.  20,  1977,  pp.  1385-1400. 

6.  Faler,  J.  H.  and  Lelbovlch,  S.,  "An  Experimental  Map  of  the  Internal  Structure  of  a  Vortex  Breakdown," 
J.  Fluid  Mech.,  Vol.  86,  1978,  pp.  313-335. 

7.  Escudler,  M.  P.  and  Zehnder,  N.,  "Vortex-Flow  Regimes,"  J.  Fluid  Mech.,  Vol.  115,  1982,  pp.  105-121. 


8.  Leibovich,  S.,  "The  Structure  of  Vortex  Breakdown,"  Annual  Review  of  fluid  Mechanics,  Vol .  10,  1978, 
pp.  221-246. 

9.  Benjamin,  T.  B.,  "Theory  of  the  Vortex  Breakdown  Phenomenon,"  J.  Fluid  Mech. ,  Vol.  14,  1962, 
pp.  593-629. 

10.  Ludwieg,  H.,  "Zur  Erklarung  der  Instability  der  iiber  Angestellten  DeltaflUgeln  Auftretenden  Frelen 
Wirbelkeme,"  Z.  Flugwiss.,  Vol.  10,  1962,  pp.  242-249. 

11.  Hall,  M.  G. ,  "A  Numerical  Method  for  Solving  the  Equations  for  a  Vortex  Core,'*  Aeronautical  Research 
Council  R  and  M  3467,  1965. 

12.  Grabowski,  W.  J.  and  Berger,  S.  A.,  "Solutions  of  the  Navler-Stokes  Equations  for  Vortex  Breakdown," 
J.  Fluid  Mech.,  1976,  pp.  525-544. 

13.  Leonard,  A.,  "Vortex  Methods  for  Flow  Simulation,"  J.  Comp.  Phys.,  Vol.  37,  1980,  pp.  289-335. 

14.  Del  Prete,  V.,  "Numerical  Simulation  of  Vortex  Breakdown,"  Lawrence  Berkeley  Laboratory  Report  8503, 
Berkeley,  Calif.,  1978. 

15.  Oshlma,  Y.  and  Asaka,  S.,  "Interaction  of  Multi-Vortex  Rings,"  J.  Phys.  Soc.  Japan,  Vol.  42,  1977, 
pp.  1391-1395. 

16.  Nakamura,  Y.,  Leonard,  A.,  and  Spalart,  P.  R.,  "Vortex  Simulation  of  an  Invlscid  Shear  Layer,"  AIAA 
Paper  82-0948,  1982. 


CIRCULATION 


-1  -.*  -.4  -.2  0  .2  .4  «  .»  1 

RADIUS 


Fig.  4.  Circulation. 


Fig.  5.  Norm  and  angle  of  the  yortlclty  vector  of  the 
Idealization  as  a  function  of  radius. 


Fig.  6.  Three-dlxenslonal  view  of  the  vortlclty-vector  distribution. 


Fla.  9.  Computational  rojlont  for  filament  to  calculate  Induced  velocity. 
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RESUME 


Le  phi nomine  de  destabilisation  de*  tourbi lions  sous  l'effet  d'un  gradient  de  pression  adverse  est 
Itudil  sur  deux  configurations  difflrentes  :  la  premiere  est  celle  d'un  tourbillon  d'aile  delta,  la 
seconds  est  relative  &  un  tourbillon  engendrl  par  un  montage  &  deux  ailettes  en  incidence  opposle.  L’ltude 
coaporte  des  visualisations  par  plan  laser  et  des  mesures  locales  de  pression  et  de  vitesse  (par  anemone- 
trie  laser).  Des  traits  coonins  caractlrisant  l'lclacement  sont  mis  en  Evidence  sur  les  deux  configurations 
(enroulemenc  spiral  du  noyau  et  formation  d'un  bulbe  de  recirculation),  mais  aussi  des  differences  en  ce 
qui  conceme  1’ intensity  du  phlnomlne  d'lclatement  et  le  caractlre  instationnaire ,  plus  prononces  pour  le 
tourbillon  d'aile  delta.  Une  brlve  exploitation  des  rlsultats  de  ce  dernier  a  ltd  effectude  dans  le  cadre 
des  theories  de  Ludwieg  et  de  Benjamin.  Un  critlre  d'dclatement  a  ltd  recherche  en  fonction  des  paramdtres 
intensitd  tourbi llonnai re  et  gradient  de  pression  adverse. 


summary 

The  phenomenon  of  destabilisation  of  vortex  flows  submitted  to  adverse  pressure  gradients  is  examined  on 
two  different  configurations.  The  first  concerns  the  leading-edge  vortex  of  a  delta  wing,  the  second  is 
generated  by  two  blades  set  at  opposite  angles  of  incidence.  The  study  comprises  visualisations  by  the  laser 
sheet  technique  and  local  measurements  of  pressure  and  velocity  (by  L.D.A.).  Common  features  characterizing 
the  vortex  breakdown  are  evidenced  for  both  configurations  (helical  distortion  of  the  vortex  core  and 
formation  of  a  recirculating  bubble),  but  also  differences  concerning  the  intensity  of  the  breakdown 
phenomenon  and  his  instationary  character,  which  is  more  pronounced  for  the  vortex  of  the  delta  wing.  A 
brief  exploitation  of  the  results  concerning  this  configuration  has  been  carried  out  in  the  context  of  the 
theories  of  Ludwieg  and  Benjamin.  A  breakdown  criterion  has  been  established  depending  on  the  parameters 
vortex  strength  and  intensity  of  the  adverse  pressure  gradient. 


NOTATIONS  FRJNCJPALES 

incidence  de  l'aile  delta 
circulation  rdduite 
coefficient  de  pression 
pression 

danaitd  de  probabilitd 
pression  dynsmique 

rayon  vecteur  compel  I  partir  du  centre  du  tourbillon 
U,V,V  co«po* antes  de  la  vitesaa  noyetme  suivant  Ox  ,  Oy  ,02 


U,  V,  W  compos  antes  das  fluctuations  ds  -itesse 


vitesse  de  rdfdrence 


Uo 

Vf  vitesse  tangentielle 

Vr  vitesse  radiale 

X  ,  y  >  Z  coordonndes  : 


l 


Montage  I  :  origine  de  x 
origine  de  y 
origine  de  Z 


bord  de  fuite  de  l'aile 
plan  mddian  de  la  veine 
apex  de  l'aile 


Montage  II 


origine  du  triAdre  direct 
&  la  pointe  du  corps  central 


rapport  de  section  A//Ac  de  la  prise  d'air  (montage  I) 

fonction  de  courant  du  mouvement  projetd  dans  le  plan  mdridien  (paragraphe  6.2) 


P 

indices 


masse  spdcifique 


O  relatif  aux  conditions  de  reference  anont 


O  relatif  k  l'axe  du  tourbillon 


B  relatif  A  1* dcoulement  extdrieur 


)  -  INTRODUCTION  - 

Le  phdnoraAne  de  l'dclatement  des  structures  tourbil lonnaires  enrouldes  retient  l'attention  dea  spdcialistes 
depuis  pluaieurs  ddcennies.  Les  premieres  observations  faites  sur  les  tourbil Ions  confinds  dans  un  canal 
(11  ou  issus  d'ailes  delta  (21,(3],  (4]  ont  clairement  mis  en  dvidence  I'effet  ddstabilisant  d'lm  gradient 
de  pression  adverse  pouvant  conduire  k  la  ddsorganisation  complete  du  tourbillon  et  A  son  dclatement.  En 
raison  de  l'intdrdt  renouveld  que  porte  aujourd'hui  1 ' ad Todyn mi que  du  vol  &  grande  incidence  A  ce  problAme, 
di verses  dtudes  fondmen tales  sur  lea  dcoulements  tourbil lonnaires  ont  dtd  ent reprises  rdcemment  k  1'ONERA, 
sous  1' impulsion  des  conatructeurs  adronautiques  et  avec  l'appui  financier  des  services  officiels  fran^ais 
(DRET  et  STPA).  L’objectif  de  ces  recherches  est  multiple  :  il  s'agit  en  premier  lieu  de  prdciaer  les  cir- 
constances  dans  lesquelles  l'dclatement  se  produit  et ,  compte  tenu  dea  connaissances  encore  trop  fragmen- 
taires  sur  ces  phdnomAnes,  d'en  amdliorer  la  coaprdhension  physique.  En  second  lieu  il  s'agit  de  recueil- 
lir  des  informations  experiment  ale  a  ddtailldes  sur  la  structure  du  champ  moyen  et  de  la  turbulence  permet- 
tant  d'dtayer,  dans  un  stade  ultdrieur,  les  ddmarches  d'une  moddlisation  numArique  de  ces  phdnomAnes.  Dans 
cet  esprit,  deux  dtudes  fondmnentales  sent  mendea  paralldlement  en  dcoulement  incompressible  portant  plus 
particuliArement  sur  I'effet  destabilisateur  d'un  gradient  de  pression  adverse  appliqud  de  fa^on  progres¬ 
sive  k  l'dcoulenent  (par  opposition  k  la  recompression  brutale  par  choc  dtudide  par  ailleurs  (5]  ).  La 
premidre  dtude,  centrde  essentiellement  sur  1' analyse  des  conditions  d'dclatement ,  utilise  un  tourbillon 
d'aile  delta  en  incidence,  alors  que  la  aeconde,  davantage  orientde  vers  l'analyse  de  la  turbulence  et  sa 
moddlisation,  porte  sur  un  sillage  tourbillonnaire  du  type  bout  d’aile  engendrde  par  un  montage  i  deux 
ailettes  mises  en  incidence  opposde. 

Lea  dtudes  expdrimentales  ddcrites  dans  le  prdsent  article  ont  largement  bdndficid  de  I'avdnement  de 
techniques  expdrimentales  nouvelles  basdes  sur  1 'utilisation  du  laser.  Ainsi,  la  technique  de  visualisation 
par  plan  de  lunidre  laser  (tomoscopie)  a  dtd  utilisde  avec  succds  sur  les  deux  montages  pour  ddcrire  quali- 
tativement  les  phdnomdnes  mis  en  jeu  au  cours  du  processus  de  destabilisation  et  de  1 'dclatement  du 
tourbillon. 

D'  autre  part,  la  technique  de  1'  andmomdtrie  laser,  largement  utilisde  dans  la  prdaente  dtude,  a  perm  is 
d'effectuer  des  explorations  ddtailldes  du  champ  des  vitesses  moyennes  et  des  fluctuations  tutbulentes, 
y  compris  dans  les  rdgions  de  recirculation  du  type  buibe  caractdrisant  les  configurations  dclatdes.  Des 
moyens  de  menu re  plus  classiques,  tels  que  les  sondes  de  pression  et  1 'andmomdtrie  A  fil  chaud,  ont  dgalc- 
ment  dtd  employds. 

Les  rdsultats  expdrimentaux  les  plus  signi ficatifs  obtenus  A  l'aide  de  ces  techniques  seront  donnds  aprAs 
une  description  succincte  des  sttyens  d'essai  et  de  mesure  utilisds.  Une  prdsentation  simultande  des  rdsul¬ 
tats  concern ant  ces  deux  configurations  a  dtd  adoptde  en  gdndral  de  man id re  A  faire  ressortir,  au  fur  et 
A  mesure  de  l'expoed,  les  traits  coamuns  ou,  le  ces  dchdant,  les  caractdristiques  particuliAres  prop res  A 
chacun  de  ces  dcoulements.  One  discussion  critique  des  rdsultats  concemant  1' dclatement  sera  ensuite 
effectude  A  la  lumiAre  des  diverses  appro ches  thdoriques  propoedes  dans  la  littdrature.  Dans  ce  comte xt e , 
on  prdsentera  l'dbauche  d'un  critAre  pratique  bead  sur  des  conditions  Unites  d' existence  de  l'dclatement , 
dort  la  gdndralitd  rests  cependant  A  dtablir. 

1  -  MONTAGES  EXPERT  ME  VT  AUX  - 

2.1  -  JoutbiUon  d'ailt  dttta  [Montage.  I)  - 

Une  aile  delta  A  bord  d'attaque  aigu  placde  en  incidence  dans  un  dcoulement  uniforms  aert  de  gdadrateur 
de  tourbillon  (Pig. la).  Ce  dispositif  possAde  1'  av  Hit  age  de  reprdsenter  un  ces  rdaliste  de  toubillon 
rencontrd  en  vol  et  de  fournir  de  fortes  intensitds  tourbil  lonnaires.  Par  contra,  il  n'dvite  paa  la 


i 
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distortion  de  l'dcoulenent  due  au  cheap  de  l'aile  qui  affecte  la  syndtrie  de  revolution,  aouhaitable  pour 
schdmatiser  lea  phdnondnes. 

L'aile  eat  taillde  dana  une  plaque  dc  4  a  d'dpaisseur.  Le  biaeau  de  bord  d'attaque  de  30°  eat  situd  k 
1’ ext  radon  de  faqon  4  conaerver  4  la  couche  liaite  d' intradoc  qui  ddcolle  aur  I’ardte  dea  caractdristiquec 
de  couche  Unite  plane  .  La  fUche  eat  de  75*  et  l'envergure  de  300  n. 

L'aile  eat  nontde  en  veine  de  fa^on  qu'un  aeul  dea  deux  tourbillona  d'apex  soit  absorbd  par  une  priae  d'air 
interne  k  la  veine. 

La  feiaeture  dea  voleta  mobiles  k  l'arrifcre  de  cette  priae  d'air  crde,  en  rdduiaant  le  ddbit  captd,  un 
gradient  de  pression  adverse  qui  reaonte  vera  l' anon t  avec  une  intensity  croisaante  k  meaure  que  la  aection 
minimale  de  la  priae  d'air  dimiaue.  L'dvolution  p(x)  de  la  praaaion  eat  caractdrisde  par  le  paraabtre 

I  a  A/Ac»  r«PPOft  de  la  section  d'entrde  A  de  la  prise  d'air  A  la  aection  ainiaale  Ac. 

L'aile  eat  nobile  en  incidence  autour  d'un  axe  vertical  situd  (aux  2/3  de  la  corde)  de  faqon  telle  que  le 
ddplacement  lateral  du  tourbillon  reate  peu  sensible  aux  variations  d' incidence  (Ay  ■  16  om  au  niveau 
du  bord  de  fuite,  pour  une  variation  d' incidence  de  10*  4  30*). 

2.2  -  TouAbilton  du  type,  bout  d’cule.  [Uontxufr  II)  - 

Le  second  montage  utilise  un  gdndrateur  de  tourbillon  conatitud  par  deux  ailettea  caldet  b  dea  incidences 
oppoades  et  fixdes  aur  un  dard  cylindrique  effild  placd  dana  l'axe  de  la  veine  d'eaaai  (figure  lb).  Celle-ci 
eat  de  forme  cylindrique,  avec  un  diamdtre  de  300  nan.  Lea  ailettea,  de  profil  NACA  0012,  oot  une  corde  de 
50  an.  Leur  calage  eat  en  principe  variable  ce  qui  confbre  k  ce  montage  la  possibility  d'dtudier  dea  tour- 
billons  de  diffdrentes  intensity*.  Pour  dea  incidences  faibles  (de  l'ordre  de  5°  par  exeaple)  on  peut  ainai 
rdaliser  dea  configurations  oO  l'effet  de  tillage  provoqud  par  le  dard  prddonine  (tillage  tourbi llonnaire ) . 
Dana  la  prdsente  dtude  par  con t re ,  un  calage  dlevd  (12*)  a  dtd  adopt d  en  vue  d'dtudier  une  configuration 
prdaentant  un  caractbre  tourbi llonnaire  trds  prononcd.  L'un  des  a vantage a  de  ce  montage  rdside  dans  le  fait 
que  lea  nappes  tourbi llonnaires  issues  dea  ailettea  a'enroulent  en  un  vortex  k  double  branche  prdsentant 
des  propridtds  de  syadtrie  et  de  stability  inty re a a antes  pour  1 'exploration  du  champ  adrodynaadque  du 
tourbillon. 

le  montage  eat  installd  dans  un  caisson  permettant  de  crder  dans  la  veine  d'essai  un  gradient  de  pression 
positif  au  noyen  d'une  aspiration  aecondaire.  Celle-ci  a  pour  effet  de  dininuer  la  pression  pe  du 
caisson  qui  a'exerce  aur  une  portion  limitde  de  la  veine  en  provoquant  ainai,  au  sein  de  1 'dcoulement ,  un 
gradient  de  presaion  adverse  coaBoddnent  ajustable.  L' intensity  de  ce  gradient  sera  caractdrisde  par  le 
coefficient  de  pression  . 

La  vitesse  dana  la  veine  eat  naintenue  constante  au  noyen  d'un  col  sonique  aitud  en  aval  du  caisson  et 
relid  k  un  rdservoir  k  vide.  Dea  conditions  d'dcoulenent  trda  stables  peuvent  ainai  dtre  rdalisdes.  La 
vitesse  de  rdfdrence  Uo  (vitesse  dans  la  veine  neaurde  juate  en  wont  du  gdndrateur)  a  dtd  naintenue  b 
une  valeur  constante  de  32,5  n/s  pour  l'ensenble  des  esaais. 

3  -  JNSrRUi£NTATION  - 

Sur  chacune  des  configurations  tourbi  llonnaires  dtudides,  deux  modes  d*  investigation  faisant  appel  chacun 
b  la  technique  dc  laser  ont  dtd  utilisds  :  il  s'agit  de  la  tomoscopie  laser  (visualisation  par  plan  de 
lwibre)  d'une  part  et  de  l'andnondtrie  laser  d*  autre  part.  Par  ailleurs,  ces  nesures  ont  dtd  conpldtdes 
par  des  me a urea  de  pression  (sondes  de  presaion  statique  et  sondes  b  5  trous)  et  quelques  me  a urea  par 
andmondtrie  b  fil  chaud. 

3.7  -  VUuatUaUon  pot  tomo-kcopit  Lake*  - 

La  technique  de  tonoscopie  laser  qui  consiste  b  illuainer  l'dcoulenent  au  moyen  d'tae  tranche  de  iunidre 
laser  trbs  intense,  a  dtd  nise  au  point  b  l'ONERA  par  la  Division  Optique  de  la  Direction  de  la  Physique 
Gdndrale  [6].  L'dcoulenent  est  rendu  visible  en  1 '  ensemen;ant  soit  par  un  brouillard  de  vapeur  d'eeu 
condenade  brutalement  dans  des  vapeurs  d'aaote  liquide,  soit  par  des  fundes  de  sulfite  d* astnoniun  forndes 
pat  1«  rencontre  des  gaa  tnaoniac  et  anhydride  sulfureux  au  sortir  de  trous  d' alimentation  pratiquds  dans 
la  naquette. 

Pluaieura  nodes  de  prise  de  vue  ont  dtd  utilisds  : 

-  instant  and  a  en  dclairage  trba  bzef  (15  ns,  laser  b  isqwlsion  TAG  0,2  J/dclair,  clichds  Polaroid  3000  ASA 
en  noir  et  blanc  et  400  ASA  en  couleur)  ; 

-  cindnatographie  ultra-rapide  (entre  900  et  3000  inages/s,  film  16  nn  400  A8A,  dclairage  continue  par  le 
laser  1)  w  du  vdlocimbtre) . 

Das  visualisations  par  dclairage  diffus  (temps  de  pose  1/30  a)  oot  dgalanant  dtd  affactudaa.  Cette 
procddure  sinplifida  permet  d'obtenir  rapidanent  una  vua  da  1 'anaanbla  du  tourbillon  at  de  ddterniner,  en 
particulier,  la  position  du  point  d'dclatenant  on  fonction  das  paranbtrcs  da  rdglageO  7.4). 

S.f  -  MimaAlKU  laktA  - 

II  s'agit  d'un  apparel 1  bidiractionael  ddveloppd  par  la  Direction  da  la  Physique  Gdndrale  [7]  ns aur ant 
ainultandnant  deux  conposantaa  du  vectaur  vitesse .  La  figure  2  an  prdcise  la  schdna  da  principe  ;  le 
source  eat  un  laser  b  argon  iooied  du  type  Spectre  Physics  Modble  171.  Se  puissance  maximal#  eat  da  13  W. 

Las  deux  couleura  utiliadea  soot  la  bleu  (longueur  d'oode  4860  X)  at  le  vert  (5145  X).  Leur  sdperetion 
eat  as  surds  per  un  jeu  da  lanes  dichrotques  sani-t  ranaparantaa .  Las  quatra  faiscaeux  qui  rdsulteat  da  la 
traversda  das  deux  dirissun  DS  et  DW  font  focalisds  pour  conatituar  la  voluna  da  nasura  dont  le  disnbtre 


utile  eat  d'environ  300  Lea  rayonnetnents  bleu  et  vert  interfArent  dans  le  volixae  de  me  sure  pour  former 
deux  syst&mes  de  franges  perpendiculaires  dont  1 1 inclinaisoc  eat  rAglAe  A  ♦  45"  dea  axea  horizontaux  et 
verticaux. 

Au  cours  de  la  prAsente  Atude,  lea  interfrangea  Ataient  de  16,24^rrtpour  le  bleu  et  de  16,82^mpour  le 
vert.  Afin  de  permettre  au  syst&me  de  dAtecter  le  aigne  de  la  cosq>osante  de  viteaae  mesurAe,  lea  fiisceeux 
traveraent  dea  modulateurs  acousto-optiques  (cellules  de  Bragg)  induisant  un  defilement  dea  franges  dont  la 
frequence  de  modulation  Atait  de  2,5  MHz  pour  le  bleu  et  de  3,75  pour  le  vert. 

La  partie  reception  eat  constitute  de  deux  optiquea  collectrices  indtpendantea  aaaocitea  A  dea  photomulti- 
plicateurs  prAcAdAs  de  filtrea  interfArentiela  aaaurant  la  discrimination  dea  compoaantea  bleue  ou  verte. 
L'enaemble  fonctionne  aelon  le  mode  diffusion  directe  de  maniAre  A  bAnAficier  d'un  rapport  signal/bruit 
maximal.  Lea  signaux  dAlivrAs  par  lea  photooultiplicateura  aont  envoy A a  aur  des  compteurs  DISA  type  55L 
dont  lea  sorties  numAriquea  aont  connectAes  A  un  systAme  d1 acquisition  par  1 '  intermAdiaire  d'un  numtriaa- 
teur  aimultant. 

Lea  parties  Amission  et  inception  aont  monttes  chacune  aur  une  table  motorisAe  permettant  dea  dtplacements 
identiques  auivant  3  directions  perpendiculaires  avec  une  precision  de  0,01mm.  Lea  donnAes  relatives  A  la 
position  du  volume  de  roeaure  ainai  que  lea  mesurea  proprement  ditea  (valeurs  dea  deux  conposantes  de 
viteaae  pour  cheque  particule  validte)  aont  atocktea  aur  bande  magnttique  en  vue  d'un  traitewnt  en  dif- 
fArA.  Certaina  rAsultats  (viteaae  moyenne,  Acart  type)  aont  fournis  en  temps  rAel  par  le  mini-ordinateur 
auquel  eat  connects  1* antmomAtre . 

3.3  -  AutteA  mouzru  de  mQAxAt  utilUL*  - 

Le  champ  de  preaaion  a  AtA  exploit,  dans  le  cas  du  tourbillon  d'aile  delta,  A  l1 aide  de  sondes  A  5  troua. 
Cellea-ci  fouraiasent  en  principe  lea  3  compos antes  de  la  viteaae  ainai  que  la  preaaion  atatique  tant  que 
1' inclinaiaon  du  vecteur  viteaae  aur  l'axe  de  la  sonde  ne  dApasse  pas  40*.  Ce  type  de  sonde  eat  par  conse¬ 
quent  inadaptA  pour  explorer  des  bulbes  de  recirculation. 

Dana  le  caa  du  montage  des  ailettea,  le  champ  de  preaaion  atatique  a  AtA  explore  A  1'aide  de  sondes 
ONERA  du  type  GG.  II  a'agit  de  sondes  en  forme  de  diAdre,  lea  orifices  de  prise  de  preaaion  etant  situAs 
aur  lea  deux  faces  du  diAdre  A  une  certaine  distance  en  aval  de  1’arAte.  De  par  sa  construction,  cette 
sonde  eat  particuliArement  peu  sensible  A  la  direction  de  l'Acoulement  dans  le  plan  de  symAtrie  passant 
par  l'artte  de  la  sonde. 

L' anAmomAtrie  A  fil  chaud  a  AtA  Agalement  utilisAe  aur  cette  configuration  dans  le  but  d'effectuer  des 
recoupementa  avec  lea  mesurea  par  anAmomAtrie  laser.  Dea  chatnes  standard  du  type  DISA  55  M  01/05/10  ont 
AtA  utilisAes  avec  des  sondes  A  1  fil  ou  A  2  fils  croisAs. 

4  -  comnous  vessai  - 

4. 1  -  Montage  d'ailz  delta,  -  ( I ) 

Dans  le  cas  du  montage  du  tourbillon  d'aile  delta,  lea  paramAtres  d'essai  aont,  pour  une  aiaquette  donnAe  : 

a)  la  position  des  volets  (fig. la)  caractArisAe  par  le  rapport  des  sections  E  ■  A/ Ac,  en  fonction  duquel 
un  gradient  de  pression  plus  ou  moins  intense  s'Atablit  dans  la  veine.  Ce  gradient  caractArisA  par 
Involution  du  coefficient  de  pression  Kp( x)  est  mesurA  dans  le  plan  des  glaces  de  veine,  A  470  mm 

du  plan  median, 

b)  1' incidence  a  de  l'aile  qui  coomande  I'intenaitA  tourbillonnaire  liAe  A  la  circulation  de  l'aile. 

Un  example  d' Avolution  Kn-^^eit  donnA  fig. 3a  ;  dans  la  prAsente  Atude,  on  se  limiters  A  1' analyse  d'une 
configuration  type  rAalisAe  pour  I  •  2,2  et  *  -  20*  et  dans  laquelle  l'Aclatement  se  situe  A  230  smi  du 
bord  de  fuite  de  l'aile  (courbe  de  rAfArence  en  pointillA  ,  fig. 3a). 

Pour  les  explorations  transverssles ,  quatre  sections  particuliAres  ont  AtA  retenues  (fig.  la)  : 

fp  en  snoot  de  l'Aclatement  en  x  «  180  mm, 
au  dAbut  du  phAnomAne  en  x  ■  230  ms, 

(3)  au  sein  du  bulbe  de  recirculation,  au  voisinage  du  maximum  de  vitesse  de  retour,  en  i  1  260  am, 

(a)  plus  en  aval  dans  le  bulbe,  en  x  1  350  w. 

L' origins  des  x  est  le  bord  de  fuite  de  l'aile  A  l' incidence  de  20*. 

4.2  -  Uontage.  du  aJUtiXtou  -  ( H) 

Pour  les  configurations  du  touxbillon  engendrA  par  les  ailettes  (A  calage  fixe),  le  seul  paramAtre  d'essai 
est  la  pression  du  caisson  pc  qui  dAtermine  le  gradient  de  pression  adverse  au  sein  de  l'Acoulement.  Les 
valeurs  suivantes  du  coefficient  de  pression  Kp^  =  (f>~  Pp)/q0  ont  AtA  adoptAes  dans  la  prAsente  Atude  : 

-  0,05,  -  0,10,  -  0,15,  -  0,20  et  -  0,25.  Dansie  cas  limits  oik  sue une  aspiration  secondaire  n'est  effectuAe 
dans  le  caisson  (cas  de  "rAfArence"),  la  valeur  deKp(  est  voisine  de  0.  L'Avolution  de  la  pression  statique 
pff  (exprimie  par  le  coefficient  de  pteasionKpf  dana  P*rtie  sains  de  la  veine  A 

80  os  de  l'axe  est  prAcisAe  sur  la  figure  3b  pourl '  enaemefe  des  valeurs  du  paramAtre  Kp^  .  On  voit 
que  1' Avolution  de  la  pression  est  pratiquement  linAaire  au  droit  de  la  veine  ouverte  et  que  son  gradient 
croft  en  intensitA  au  fur  et  A  nesure  que  la  pression  du  caisson  diadnue. 


Contrairemsnt  au  premier  montage,  oik  une  seule  configuration  de  recompression  a  AtA  examinAe,  1 'essential 
des  rAsultats  relstifs  au  deux i Am*  montage  aera  prAsentA  pour  l'anaaebla  des  6  configurations  da  re compres¬ 
sion  da  la  figure  3b,  maia  seulement  en  une  section,  aituAe  A  200  sss  en  aval  du  gAnArateur. 
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5  -  RESUITATS  - 


5.  J  -  ViAuatUatioru  - 


La  technique  de  visualisation  par  tomoscopie  pet-met  de  ddcrire  quflli tativement  lea  phdnoa&nea  mis  en  jeu 
au  cours  du  processus  de  destabilisation  : 

une  sequence  filmSe  de  la  vue  mdridienne  du  tourbillon  d'aile  delta  dans  la  region  du  point  d'ydatesttnt 
est  rep  risen  t<e  sur  la  figure  4". 

On  note  l'appatition  de  noyaux  tourbillonnaires  disposes  en  ouinconce  qui  sugg&rent '  1 'existence  de 
1' enroulement  en  spirale  du  noyau  central  du  tourbillon, primitivement  aligns  avec  l'axe  en  amont  de 
l'dclatement. 

La  figure  5  montre  une  succession  de  vues  instantandes  obtenues  au  moyen  du  laser  iapulsionnel  YAC  sur 
le  tourbillon  issu  des  ailettes.  Les  clichds  (a)  4  (?)  sont  disposes  suivant  des  intensity*  croissantes 
du  gradient  de  pression  adverse  repdrd  par  le  paramfetre  Kpc.  Le  processus  de  destabilisation  se  craduit, 
comme  sur  la  figure  prdcddente,  par  un  erroulement  en  hdlice  du  tourbillon  initialenent  recti ligne.  Ce 
processus  coonence  par  une  16g£re  ondulation  du  noyau  central  avec  use  faible  hdlicitd  (clichd  (c) ) ,  alors 
que  pour  des  recompressions  plus  intenses,  l'ydateuent  s'dtablit  plus  brusquenent,  accoapagnd  dune  rapide 
augmentation  de  l'hdlicitd  (clichd  (e)  et  (?) ) .  En  ddpit  des  ressenblances  Avi dentes  entre  les  2  configu¬ 
rations  tourbillonnaires,  on  note  pour  le  deuxi£me  cas  une  destabilisation  plus  progressive  et  plus  lente, 
alors  que  le  tourbillon  d'aile  delta  paralt se  ddsorganiser  nettement  plus  brusquenent. 

Un  raisonnement  simple  bead  sur  la  continuity  du  sens  de  rotation  du  noyau  tourbillonnaire  moot  re  que  seul 
un  sens  d' enroulement  contraire  au  sens  de  rotation  du  tourbillon  conduit  4  une  ddcliyratiou  sur  l'axe. 


Sens  de  1 'enroulement  de  la  spirale 


Les  visualisations  des  plans  transversaux  prfsent€es  sur  la  figure  6  font  clairement  apparattre  la  struc¬ 
ture  feuilletde  des  tourbillons  qui  provient  de  l'enrou lessen t  des  nappes  tourbillonnaires  issues  des 
maquettes . 

Dans  le  cas  du  tourbillon  d'aile  delta  (figure  6a)  le  sillage  d'intrados  s'enroule  ft  son  extremity  en  for¬ 
mant  un  contre-tourbillon  adjacent  au  tourbillon  principal. 

Dans  le  cas  du  deuxiftme  montage,  (fig. 6b)  les  sillages  des  ailettes  s'enroulent  pour  former  un  tourbillon 
ft  deux  branches,  cotame  dyjft  remarquy  plus  hsiut.  On  retrouve  d'ailleura,  lors  des  explorations  transversales , 
la  trace  de  ces  sillages  dans  lea  profila  de  la  pression  d'arrit,  de  la  viteaae  ou  des  grandeur#  turbulentes. 

II  convient  de  rappeler  ft  propos  de  ces  visualisations  que  I'dldment  trsceur  rend  visible  lea  rones  rota- 
tionnelles  [8]  ,  (voir  autsi  [9]  et  [10]),  done  en  particulier  lea  nappea  tourbillonnaires  issues  des 
maquettes . 

5.2  -  Chany  de  pteAftcow  - 

Les  figures  7a  et  7b  donnent,  pour  les  deux  configurations  tourbillonnaires  examindea,  Involution  longi¬ 
tudinals  de  la  pression  statique  sur  l'axe.  Y  aont  rappeldes,  ft  titre  de  coaparaison,  lea  dvolutions 
co rre spend antes  de  la  pression  dan*  l'dcoulement  extdrieur.  Pour  le  premier  montage  (aile  delta),  aeule 
la  configuration  relative  au  parmitn  t  ■  2,2  eat  prdsentye,  alora  que  pour  le  second  montage  lee 
mesures  de  pression  out  dtd  f sites  pour  l'enaeeble  des  valeurs  du  parmfttre  Kpc 

On  note  pour  les  deux  configurations  tourbillonnaires  we  amplification  trfts  import  ante  du  gradient  de 
pression  aur  l'axe,  par  rapport  ft  celui  rdgnant  dans  I'dcoulemeut  extyrieur.  II  a'egit  1ft  d' un  trait  cstsc- 
tyristique  da  ce  type  d'dcoulement,  d'autant  plus  marqud  que  1' intensity  tourbil  loon  airs  eat  forte  [II]  . 

On  observe  en  effet,  aur  l'axe  du  tourbillon  d'aile  delta  (qui  est  plus  intense)  une  dipression  nettemsnt 
plus  accusde  et  une  recompression  plus  brutale  que  dens  le  caa  du  tillage  tourbillonnaire. 

Quant  ft  l'influence  du  paraa£tre  K  ,  on  constate  sur  la  figure  7b  qu'une  Idgftra  intensification  de  le 
recompression  ft  l'extdrieur  du  tourbillon  conduit  ft  une  augmentation  notable  dee  press ions  sur  l'axe,  per 
rapport  ft  cells  caractftrisant  le  configuration  de  rifftrence  tens  gradient  axtdrieur  (  Kpe  —  0  )  ,  oft 

aeule  lee  effete  visqueux  egieeent.  8iaultaadaant,  cette  forte  eu^entation  da  la  pression  aur  l'axe  as 
dd place  vers  l'amont,  bien  qua  la  recompression  da  l'4coulement  axtdrieur  rests  locality#  au  droit  de 
la  portion  da  veins  libxe  (voir  figure  3b).  II  s'agit  1ft  d'un  pbdnoaftne  de  forte  interaction  caractdriemt 
la  seneibilitt  de  la  configuration  vis  ft  vie  dea  perturbations  venant  de  1' axtdrieur.  (One  dtude  ultdrieure 
devra  prdciaer  dans  quells  me  sure  la  prdaence  da  la  sonde  de  pression  peut  intervsnir  dans  ce  processus 
d' interaction). 

Las  figures  8a  at  ft  prdcieent  les  dvolutions  rediales  da  la  pression  :  il  •’••it.  pour  le  tourbillon  d'aile 
delta  (figure  8a)  dee  assures  effectudee  dsns  les  4  sections  d'une  aftae  configuration  avec  dclateaent  (voir 
paragraphs  4.1),  alors  qua  pour  le  eillage  tourbillonnaire  (figure  8b)  lea  assures  sent  effectudee  en  une 
nine  section  (x  *  200  an)  pour  lea  diffdrantes  configurations  dd finis*  prieddeasent.  Oes  deux  figures  i  1  lus¬ 
tre  nt  bien  l'accroiseeaent  plus  repide  de  le  pression  sur  l'aas  par  rapport  ft  1' axtdrieur,  eoit  en  fonction 


*  Le  film  ayant  dtd  prie  avec  1'dooulenent  venant  de  le  droits  vers  la  gauche  du  photographs,  la  seat  de 
rotation  du  tourbillon  est  iei  invars 4  par  rapport  ft  ea  qui  est  indiqud  sur  la  figure  la. 
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de  X  (fig. 8a),  soit  en  fonction  de  K  pc  (fig. 8b).  La  disparition  progressive  de  la  depression  au  centre 
du  tourbiilon,  liEe  4  la  diminution  du  niveau  de  la  vitesse  tangentielle ,  traduit  dans  les  deux  cas  la 
disorganisation  progressive  de  la  structure  tourbillonnaire ,  conformEment  aux  visualisations  prEsentEes 
plus  haut  (fig. 5). 

5.3  -  Evolution  de  la  vitZAbZ  QJt  de  la  turbulence  *ua  l'axe.  du  touAbitton  - 

La  vitesse  moyenne  et  les  taux  de  fluctuation  axiale  et  transversale,  prEsentEs  sur  les  figures  9a  et 
9b,  ont  EtE  determines  4  l'aide  de  1 1  anemone  trie  laser. 

Les  rEsultata  relatifs  au  tourbiilon  d’aile  delta  (fig. 9a)  aontrent,  4  l'approche  de  1 'edatement ,  une 
brusque  deceleration  de  1 'Ecoulement  sur  l'axe  conduisant  4  la  formation  d'un  bulbe,  dont  la  rehabilitation 
en  sillage  est  trEs  lente.  Correiativement ,  le  taux  de  fluctuation  longitudinale  augmente  fortement  au 
voisinage  de  1  'edatement ,  alors  que  le  taux  de  fluctuation  transversale  prEsente  une  diminution  sensible. 
Les  h i stogronmes  de  la  figure  10a  mettent cl ai remen t  en  evidence  le  caractere  intermittent  des  fluctuations 
longitudinales  4_X.' approche  de  1 'edatement  (section  (T))  responsable  de  la  valeur  ElevEe  du  taux  des 
fluctuations  yu?  .  Les  deux  pics  apparaissant  sur  I'hiatogranme  des  vitesses  longitudinales  U  cor¬ 
respondent  respectivement  aux  conditions  amont  (section  ^^)  et  aval  (section  ^ft).  Qu ant  &  la  coogosante 
verticale  ,  la  forme  particuliEre  de  1  'hietograome  4  2  pica  en  amont  de  1'EcTatement  (section  (y  ) 
traduit  l'existence  de  fluctuations  transversales  du  noyau  tourbillonnaire,  compte  tenu  du  fort  gradient 
de  vitesse  tangentielle  au  voisinage  de  l'axe.  Plus  en  aval,  les  histograsnes  prennent  progress ivement 
des  formes  habituelles  &  1  seul  pic  ce  qui  se  traduit,  pour  les  deux  compos antes ,  par  une  diminution 
des  taux  de  fluctuation  . 

La  figure  9b,  relative  au  sillage  tourbillonnaire  issu  des  ailettes,  est  l'homologue  de  la  figure  9a 
avec  la  difference  que  les  mesures  aont  faites  ici, comae  plus  haut  pour  la  pression,  4  une  abscisse 
fixe  (  X  -  200  mn)  en  fonction  du  paramEtre  Kp  ,  et  non  pas  en  fonction  dex  .  Ainsi,  au  fur  et  &  mesure 
que  celui-ci  diminue,  le  point  d'Eclatement  se  *86 place  vers  l'amont  en  m€me  temps  que  s'intensifie  le 
processus  de  destabilisation.  Les  Evolutions  de  la  vitesse  moyenne  et  de  la  turbulence  sont  analogues  4 
cel les  de  la  figure  9a  4  1 'exception  de  la  forte  augmentation  de  Vyl  qui  n'est  pas  observEe  sur  la  figure 
9b.  Les  histograssaes  relatifs  4  la  composante  longitudinale  U  (figure  10b)  montrent  en  effet  1' absence  des 
deux  pics  dans  les  configurations  les  plus  destabilisEes  (  Kpc  ■  -  0,1  et  -  0,2),  alors  que  pour  la 
composante  verticale  on  retrouve  les  deux  pics  avert  1 ' Edatement ,  semblables  4  ceux  de  la  figure 

10  a.  Cette  comparaison  met  done  bien  en  Evidence  l'existence  de  propriEtEs  globales  eexanunes  au  deux 
configurations,  mais  ausai  des  diffErences,  not  ament  en  ce  qui  concerne  le  caractEre  instat ionnaire  de 
1' Edatement,  qui  est  plus  prononcE  dans  le  cas  du  tourbiilon  d'aile  delta. 

5.4  -  Evolution*  tA.an*wu<U&*  de  la  it  de  la.  tuAbute.net  - 

Les  profils  de  vitesse  longitudinale  (U)  et  tangentielle  (V^=  W)  ainsi  que  les  taux  de  fluctuation  cor- 
respondants  sont  obtenus  par  explorations  horizontalea  passant  par  l'axe  du  tourbiilon.  Les  profils  de 
vitesse  moyenne  U  «tW  sont  regroupEs  sur  les  deux  figures  11a  et  lib.  Sur  la  premiEre,  relative  au 
tourbiilon  d'aile  delta,  lea  profila  soot  donnEs  pour  les  A  sections  dEfinies  plus  haut,  alorn  que  sur  la 
seconde,  relative  au  tourbiilon  des  ailettes,  figurent  pour  U  et  pour  W  les  6  profils  correspondant  aux 
diverses  valeurs  du  paramEtre  Kpc  (section  d'exploration  X  ■  200  an). 

La  destabilisation  du  tourbiilon  conduisant  4  1 'Edatement  se  aanifeste  dans  les  deux  cas  de  faqon  particu- 
liErement  nette  en  ce  qui  concerne  le  champ  moyen  par  une  diminution  brusque  de  la  vitesse  (J  local isEe 
prEs  de  l'axe  et  en  mBme  temps  par  une  dEcroisaance  rapide  du  gradient  radial  de  la  vitesse  tangentielle. 
L'Eclatement  a  pour  conaEquence  1' apparition  d'une  rEgion  4  vitesse  nEgative  (bulbe  de  recirculation)  au 
aein  de  laquelle  la  vitesse  tangentielle  devient  trEs  faible . (sections  ®  et  ©  dans  le  cas  de  la  figure 
11a,  Kpc  *-0,2  et  Kpc  ■  -0,25  dana  le  cas  de  la  figure  lib). 

Les  ordonnEes  Z  mentionnEes  sur  la  figure  11a  reprEaentent  la  cote  de  la  ligne  d'exploration  passant 
sens ib lenient  au  centre  du  tourbiilon.  Coame  on  le  voit  d'aprEs  1'ordonnEe  y  du  passage  par  *Ero  de  la 
composante  tangentielle  \X/  ,  l'axe  du  tourbiilon  subit  auasi  un  dEcalage  latEral  en  y,  auquel  correspond 
une  lEgEre  incurvation  de  l'axe  du  tourbiilon  par  rapport  4  la  direction  Ox.  Ce  dEcalage  angulaire  explique 
en  partie  de  lEgEres  dissyoEtriea  aur  lea  mesures  de  NX/  . 

Comme  le  montre  I'histogramme  de  la  figure  10a  correspondent  au  point  B  (section  @  ) ■  1«  vitesse  moyenne 
correspondante  UB  n'a  qu'une  faible  probabilitE  d'existence  et  se  prEsente  comae  la  moyenne  entre  lea 
valeurs  Ua  et  U c  des  Etats  de  vitesae  stables  en  amont  et  en  aval  de  la  section  (£)  ,  4  1  'opposE 
du  tourbiilon  des  ailettes,  oft  la  vitesse  moyenne  est  de  l'ordre  de  la  viteaae  la  plus  probable  (voir 
figure  10  b). 

Les  profila  tranaversaux  des  fluctuations  de  vitesse,  regroupEs  sur  les  figures  12a  et  12b,  prEsentent 
Egalement  des  caractEres  communs  aux  deux  types  de  tourbi lions,  4  savoir  l'existence  de  deux  pica  pour  la 
comp os ant a  axiale  dana  lea  conf igurations  les  plus  destabilisEes  et  des  Evolutions  plus  plates  pour  la 
composante  transversale  qui  prEsente  d'ailleurs  dens  les  deux  cas  des  taux  de  fluctuation  plus  faiblas 
que  la  composante  longitudinale. 

On  notere  cependant  une  diffErence  cssentiellc  entre  les  deux  types  de  toutbillon  :  elle  concerne,  comme 
dEj4  remarquE  su  paragraphs  prEcEdent,  les  nivesux  des  fluctuations,  not  ament  pour  la  coapocante  longi¬ 
tudinals  dana  la  zone  d'Eclatement  et  pour  la  composante  tangentielle  an  amont  de  celle-ci.  Les  valaura 
plus  modErEts  des  fluctuations  observdes  dmss  la  configuration  du  tourbiilon  des  ailettes  caractErieent 
vraiaamb lab lament  davantage  la  structure  turbulenta  de  cet  Ecoulement,  alors  qua  laa  nivesux  nettement 
plus  ElavEs  pour  le  tourbiilon  d'aile  delta  aemblent  Itre  imputablaa  an  majaure  partie  4  l'existence 
d' instabilitEs  provoquant  des  mouvements  organisEs  4  grands  Echalla. 

Comma  la  figure  12b  le  met  trEs  clairement  an  Evidence  pour  la  caa  du  tourbiilon  daa  ailattaa,  la  pro¬ 
cessus  de  destabilisation  engtndrs  das  chaq>a  turbulenta  intansaa  s 'Epanouissant  rapidamant  dana  la  sena 


transversal  au  fur  et  1  tsesure  que  le  gradient  de  press  ion  adverse  augmente,  cow  on  a  pu  le  remarquer 
Bur  les  visualisations  de  l’iclatement  priaentiea  figure  5. 

6  -  mSCUSSTOU  CCS  RfSULTATS  - 

6.1  -  SymitA-ie,  dz  Evolution  - 


Le  node  de  giniration  des  tourbi lions  par  enroulement  de  nappes  tourbillonnaires  issues  des  naquettes 
exclut  en  principe  toute  symitrie  de  revolution  au  sens  strict  du  terae.  L' experience  montre  ce pend ant , 
notasment  dans  le  cas  du  gdndrateur  4  ailettes,  qu’4  une  distance  raisonnable  de  celui-ci,  les  propriitie 
de  symitrie  axiale  sont  bien  4tabli.es,  m&ae  dans  des  situations  de  forte  destabilisation.  Tel  est  le  cas 
de  la  figure  13,  ou  sont  compares  pour  Kp.  ”-0,20  des  profils  de  vitesse  longitudinale  et  du  taux  de 
fluctuation  correspondent ,  obtenus  4  partir  de  deux  explorations  perpendiculaires ,  l’une  dans  le  sens 
horizontal  et  l1 autre  dans  le  sens  vertical.  La  congruence  des  profile  est  globalement  trie  bonne,  4  l'excep- 
ticm  des  traces  des  sillages  proven ant  des  ailettes  qui  sont  claireuent  visibles  sur  ces  profile,  mais 
qui  n'apportent  qu'une  faible  perturbation  trfts  localiaie. 


Grice  i  I'hypothise  de  eymitrie  de  revolution,  qui  psrait  done  raisonnebletDent  bien  justifiie  dans  le  cas 
du  tourbillon  des  ailettes,  il  est  possible  de  relier  la  vitesse  tangentielle  Vf  au  gradient  radial  de  la 
preasion  par  1* intermidiaire  de  la  relation  d'iquilibre  radial 
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On  a  ainsi  calculi  pour  le  cas  de  rifirence  sans  aspiration  (pour  lequel  on  diaposait  igalenent  de  oesures 
effectuies  par  fil  chaud)  le  profit  de  vitesse  tangentielle  &  partir  des  nesures  de  pression  statique.  Ces 
risultats  sont  ccmfrontis  sur  la  figure  14.  Malgri  quelquef  icarta  systinatiques  observes  surtout  dans  la 
rigion  visqueuse  4  proximiti  de  1'axe  (o£»  les  effets  perturbateurs  des  sondes  peuvent  itre  iventuellewnt 
•ignificati fs) ,  l1 accord  entre  cea  diff4  rentes  oesures  parait  globalenent  satis faisant . 


Par  opposition  au  sillage  tourbillcmnaire  des  ailettes,  le  tourbillon  d'aile  delta  posside  des  propriitis 
de  symitrie  ooins  bonnes,  de  par  la  giooitrie  de  son  ginirateur  qui  n 'assure  paa  la  symitrie  axiale  dans  les 
plans  transversaux  (voir  profils  de  vitesse  de  la  figure  11a).  De  plua,coane  mentionni  plus  haut,  l'icart 
angulaire  entre  l'axe  du  tourbillon  et  1 1  axe  de  la  veine  (Ox)  peut  contribuer  4  crier  une  dissynitrie  des 
profils  tneturis  dans  lee  plans  transversaux.  Ainsi,  1' utilisation  de  la  relation  d'iquilibre  radial  pour 
calculer  la  vitesse  tangentielle  a  rivili,  par  comparaison  avec  les  oesures  directes  de  cette  cooposante,  des 
icarts  plus  isportants  que  dans  le  cas  du  sillage  tourbi llonnaire  des  ailettes.  II  a  iti  adoia  nianooins 
que  la  aymitrie  de  rivolution  constitue  une  approximation  valable  pour  exploiter  les  riaultata  4  la  lumiire 
de  thiories  ou  k  l'aide  de  schioaa  de  calcul  basis  sur  cette  hypothtae. 


6.2  -  £  volution  de.  la.  CAA.cntxiti.on  - 

L'hypothise  de  la  synitrie  de  rivolution  eat  implicitement  contenue  dans  la  fonsulation  cosounioent  adoptie 
pour  exprioer  la  circulation  k  partir  de  la  vitesse  tangentielle  :  T  =  2  X  Vf r 


Les  ivolutions  radiales  de  la  grandeur  V^(r  )  T(r) 

K  =  “UT  P  =  2  x  U0 

sont  priaentiea  sur  lea  figures  15a  et  13b  pour  lei  deux  types  de  tourbi lions  examinis.  Elies  se  diduiaent 
directement  dea  profils  W  (y)  de*  figures  11a  et  lib,  en  identifiant  W  (  y  )  k  V^(  ^  )•  La  di  format  ion 
progressive  des  ivolutions  K(r  )•  •©if  avec  X  l fig.  15a),  aoit  avecKp®  (fig.  15b)  reflate  celle  subie 
par  les  profila  de  vitessa  tangentielle  au  cours  du  processus  de  destabilisation.  Pour  les  deux  configu¬ 
ration*,  la  grandeur  K  ( r  )  tend  vers  une  valeur  constant*  loin  de  l'axe  indiquant  que  l'icouiewnt  est 
dans  cette  rigion  du  type  "tourbillon  potentiel".  La  diffirence  entre  les  deux  niveaux  de  K  de  part  et 
d'eutre  de  l'axe  treduit  une  ligire  dissymitrie  de  1 ' icoulesumt .  Celle-ci  parait  plus  accentuie  dans  le 
cas  du  tourbillon  d'aile  delta.  On  observe  d'autre  part  que  pour  le  tourbillon  iasu  daa  ailettes,  les  ivolu¬ 
tions  de  K  (  f*  )  k  l'extirieur  du  noyau  visqueux  font  apparaltre  un  plateau  da  K  intermidiaire  correspon¬ 
dent  k  une  portion  de  tourbillon  potentiel.  Cette  particularity ,  qui  ast  profit  au  type  de  gdndrateur 
utilisi,  eat  liie  k  la  prisenee  des  nappes  tourbillonnaires  daises  par  las  ailettes  et  4  t ravers  detquellee 
la  grandeur  K  change  de  niveau.  La  saut  correspondent  se  ddcale  vers  l'extirieur  au  fur  at  4  me  sure  que  le 
tourbillon  se  destabilise,  per  suite  d' un  effet  de  diplacement  croissant.  L* introduction  de  la  fooction  de 
courant  4*  ddfinie  par 
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perms t  da  regrouper  approxiaat iveaent  sur  une  mime  courbe  1 'ensemble  des  profils  de  K  ,  aussi  bien  pour  le 
tourbillon  d'aile  delta  qua  pour  le  tourbillon  engendri  par  lea  ailettes  (fig. 15a  at  15b,  an  baa).  La  grandeur 
K  (  $  )  reprdeente  la  moyetme  entre  les  deux  brandies  (  y  poeitif  at  V  ndgatif)  des  figures  15a  et  15b. 

II  convient  de  rappeler  que  dans  l'hypothbee  d'un  4 cou lament  permanent,  axisynitrique  at  non  visqueux  la 
grandeur  K  ne  ddpend  qua  da  f  [12]  .Coane  on  peut  leconatater  aur  lea  figures  15a  at  15b,  catta  hypothbse 
ast  eases  bien  vdrifide  pour  lea  deux  tourbillons,  aauf  pour  lea  configurations  las  plus  daatabiliades 
(  Kb  *-0,2  et  -0,25)  du  tourbillon  engendri  par  les  ailettes,  au  vo  is  in  eg*  de  l'axe.  Las  valeurs  moyetmes 
d#Ke  re  levies  dans  l'icoulemsnt  extirieur  sont  da  36  am  pour  le  tourbillon  d'aile  delta  at  6,8  wm  pour  le 
tourbillon  dea  ailettes. 


i  di*  tn  IditlUA  nonmllAtk  - 


D'aprba  lea  riaultata  do  paragraph#  pricident,  I'icbelle  prop re  du  tourbillon  peut  it re  carectirieie  par  la 
valeur  K«  qua  prend  la  quantitd  K  4  l'extirieur  de  la  rdgion  visqueuse.  Catta  grmdeur,  qui  ne  fait 
intervenir  qua  la  vitaaaa  axiale  anont  ainai  qua  la  circulation  du  tourbillon  potential  sequel  se  r accords 
la  tourbillon  rial,  a  an  effet  la  dimension  d'une  longueur. 


T 
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La  figure  16  compare  pour  lea  deux  tourbillona  EtudiEa  lea  Evolutions  longitudinales  de  la  preaaion  dans 
I'Echelle  rEduite  £  =  x/Ke-  La  figure  16a,  relative  &  1'Ecoulement  extErieur,  montre  que  lea  gradients 
de  pression  sont  en  Echelle  rEduite  comparables  entre  eux.  Le  gradientdK^^£  relati  f  au  tourbillon  d'aile 
delta  (  £■  2,2)  eat  en  effet  du  mgtne  ordre  que  celui  obtenu  pour  Kp  “-0,2  dans  le  caa  du  gEnErateur  4 
ailettea.  L' accroiaaeoent  de  la  preaaion  aur  l'axe  apparalt  par  contre  nettemenc  plus  rapide  dans  le  caa 
du  tourbillon  d'aile  delta,  ce  qui  inplique  un  Eclatemert  plus  brutal,  conane  le  aontrent  a  us  si  lea  clichEa 
de  la  figure  4  .  Cette  circonstance  eat  4  relier  b  la  dEpreaaion  plus  accusEe  obaervEe  dana  le  caa  du  tour¬ 
billon  d'aile  delta  (voir  figurea  7a  et  8a),  due  eaaentiellement  k  la  forme  dea  profila  de  viteaae  tangen- 
tielle.  En  effet,  la  diffErence  des  K  p  aur  L'axe  et  k  1'extErieur  a'exprime,  en  vertu  de  I’Equilibre 
radial,  par  : 

2 

s  -s. 


n 


n  -- 


La  figure  17b  qui  prEciae  la  forme  dea  profila  de  viteaae  tangentielle  en  coordonnEea  rEduitea,  met  clai- 
rement  en  Evidence  des  niveaux  de  V/n  plus  ElevEs  pour  le  tourbillon  d'aile  delta,  ce  qui  conduit,  en 
vertu  de  la  relation  ci-deasua,  4  aes  ecarta  de  preaaion  entre  l'axe  et  1'extErieur  plua  importants. 


Quant  k  la  forme  dea  profila  de  viteaae  (figures  17a  et  17b)  on  note  pour  l’aile  delta,  l'allure  caractE- 
ristique  du  tourbillon  dit  d' "Euler"  [13]  qui  ae  traduit  pour  par  une  Evolution  plua  plate  que  celle 
du  tourbillon  potentiel  et  par  un  fort  accroisaement  de  (J  au  voiainage  de  l'axe.  Le  tourbillon  dea  ailettea 
par  contre  eat  caractErisE  par  un  profil  de  viteaae  longitudinals  plua  uni  forme  et  par  une  viteaae  tangentielle 
qui  ne  ae  raccorde  au  tourbillon  potentiel  qu'4  1'extErieur  de  la  nappe  tourbillonnaire  raise  en  Evidence 
plua  haut  (figure  15b)  et  dont  la  trace  eat  Egaleannt  visible  aur  le  profil  de  U  (fig. 17a). 


7  -  RECHERCHE  VE  CR1TERES  V’ECLATEUEHT  - 


Troia  voies  d* explication  de  l'Eclatement  ae  dEgagent  d'une  bibliographic  abondante  aur  le  aujetj 


1°)  Une  thEorie  dite  de  la  "atabilitE"  [14]  rEaulte  de  conaidErationa  d'Equilibre  local  dea  nappes  tourbil- 
lonnaires  k  partir  desquellea  peut  Etre  dEfinie  1' apparition  Eventuelle  de  cones  d* inatabilitE  qui 
viennent  dEsorganiser  la  structure  tourbillonnaire. 

2°)  Une  thEorie  dite  "thEorie  des  ondes"  [12]  ,  [15]  procEde  de  1' analyse  dea  conditions  d'existence  des 
ondea  de  perturbation  et  de  leura  consEquences  . 


3°)  Une  troiaiEme  dEmarche  [16,  17,  18,  19]  plua  pragmatique,  consiate  en  ('Elaboration  de  mEthodea  de 

calcul  dea  Ecoulements  tourbillonnairea  dans  le  cadre  de  1 ' approximation  quaai-cylindrique,  qui  eat  gEnE- 
ralement  adoptEe  pour  reprEaenter  ce  type  d 'Ecoulements  en  amont  de  1 'Eclatement .  L' apparition  de  l'Ecla¬ 
tement  ae  prEaente  ccmxae  une  singularitE  dana  le  dEveloppement  du  calcul.  C'eat  une  circonstance 
analogue  k  celle  que  conatitue  le  dEcollement  lors  du  calcul  dea  couches  limites,  circonstance  qui 
oblige  4  renoncer  au  cadre  des  hypothEses  aiaplificat rices  de  dEpart  de  la  thEorie  de  PRANDLT. 

Lea  rEaultats  expErimentaux  ont  done  EtE  exploitEs  tout  d'abord  en  vue  de  vErifier  le  bien  fondE  de  ces 
diffErentea  demarches,  enauite  dans  le  but  de  rechercher  ou  de  valider  certains  critErea  d'Eclatement . 


7.1  -  ThioAjA  de.  la  ktabiLUL  [LUtWEG)  - 

En  gEnEraliaant  la  condition  de  atabilitE  de  Rayleigh  :  ^ ^  rj/dr 

^  ®  ,  d'un  fluide  en  rotation, 

au  cat  d'un  Ecoulement  aoumit  de  plus  k  une  viteaae  longitudinale  U  ,  LUDMIEC  [20]  parvient  4  l'Etabliaae- 
ment  dea  conditions  de  atabilitE  donnEea  par  1 'Equation  suivante  qui  dEpend  eaaentiellement  dea  caractEria- 
local,,  du  profil  da  vita...  -oyann.  :  (1_C?)2(1+C^  -  <  5/3  -  C?)C  *  >  0 


'  $ 


r  6V»  c  r  6  U 
Vf  4r  ’  5  ~  V>  ’  Tr 

Lea  points  du  profil  moyen  dea  vitesaes,  dana  la  aection  dana  laquelle  nous  avons  sensibleaient  localisE 
l 'origin®  du  phEnomEne  (  X  -  230),  ont  EtE  placEs  dana  le  diagramme  dea  paramEtres  de  LUDWIEG  (  fig.18). 
On  voit  effectivement  qu'une  partie  dea  points  reprEaentatifa  de  ce  profil  ae  situe  dana  la  tone  d* inata¬ 
bilitE.  On  observers  d'ailleura  que  cette  tone  eat  marquEe  par  lea  fortea  intenaitEs  de  fluctuations, 
visibles  aur  la  figure  12a,  au  voiainage  de  l'axe  du  tourbillon.  Le  critEre  de  UTCWIEC  apparaft  ainai 
beaucoup  plua  rEaliste  que  celui  proposE  par  HOWARD  &  GUPTA  [21]  ,  con  cement  lea  ondea  de  perturbation 
axiaymEtriques  (fig.18). 


7.2  -  ThiCAit  du  ondtA  di  BENJAMIN  [12)  - 

On  envisage  la  fonction  de  courant  perturbEe  par  une  onde  de  faible  intenaitE,  atationnaire  ou  progressive. 
Nous  nous  limitona  ici  au  caa  atationnaire  :  ^^4i^F(rx) 

o 

L' Equation  dea  quant itEa  de  mouvement  Ecrite  dans  le  cadre  dea  approximations  quaai-cylindriquea  conduit 

pour  P  4  la  relation  suivante  :  jp  _  +  f  y2-  r  ^  J _  ^(V^r)2  1  p  -  0 

Sr*  r  lT  u  6r  r  6r'  r*u*  6  r  J 

Le  problEme  eat  un  problEma  de  valeura  proprea  pour  Y  •  1  Ecoulement  caractErisE  parr  Etsnt  : 
aupercritique  ai  toutes  lea  valeura  proprea  de  f  aont  positives  et  auberitique  ai  l'une  au  moina  de  cee 
valeura  proprea  eat  nEgativa  . 


Se Ion  le  point  de  vue  de  BENJAMIN,  l'Eclatement  du  tourbillon  fait  paster  d'un  Etat  aupercritique  4  I'Etat 
auberitique  conjuguE.  C'eat  ca  que  nous  avona  voulu  vErifier  4  l'aide  de  not  rEeultata  expErimentaux. 

Com*  le  fait  LEIB0V1CH  [22]  pour  dea  expEriencea  con  earn  ant  un  tourbillon  confinE  dana  un  tube  a  on  Etudie 
le  comportement  de  la  fonction  Pc  qui  provient  de  1'intEgration  de  1 'Equation  prEcEdente  pour  0,  1  partir 


T 

Jj 

l 
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des  condition*  aux  Unite*  pour  r  ■  0  :  Fc  ■  0,  "r”5r*  ** 

Si  Fc  davient  ndgatif  ant  re  r  •  0  at  r  -re  ,  l'dcoulement  eat  subcritiqua,  il  eat  supercritique  ai  Fc 
raata  poaitif. 

On  constate  ici  qua  la  aection  aitude  en  snoot  de  l'dclatenent  (X-  160  an)  a  bian  lea  caractdriatique* 
d'un  dtat  supercritique  et  que  l*  aection  aitude  un  peu  en  aval  (x«  230  m)  eat  aubcritique  (Fig. 19), 

Laa  idles  de  BENJAMIN  *e  trouvent  done  en  accord  avec  lea  faita.  II  eat  intdressaat  de  voir  auaai  cowent 
la  fonction  A  <  r  )  A  =  -  —  4^-)  +  TTi  , 

U  6r'  r  6r  '  r*\X  i>  r 

qui  rdgit  le  coaportenent  de  la  foaction  Fc  intervieat  par  aa  contribution  eaaentielle 
au  voiainage  ienddiat  de  l'axe. 

7.3  -  Solutions  auaU-CMluuUiaueA  ■itationnaxAti  Unite,  di  yatUAtt  dt  cjuUjl  igwwMjttw  - 

Deux  dtudes  parai  lea  plua  anciennea  one  dtd  choiaiea  pour  aituer  la  nature  du  problem*  de  l'dclatenent 
dans  le  cadre  de  cette  demarche  [16],  [17]  . 


Grtce  k  la  sinplicitd  dea  achdnaa  propoada,  dea  aolutiona  analytiquea  reprdaentent  l'dcoulement  dana  la 
aection  2,  A  partir  dea  decodes  initialea  dana  une  aection  1  dont  le  par*a£tre  caractdriat  i-yie  eat  le  taux 
de  rotation  :  T  -  V«/LL  •  Pour  chacun  dea  dtats  1  et  2,  l'dcoulement  aatiafait  aux  dquatiooa  du  aouveaent 
avec  l'hypothdae  sinplificatrice  dea  dcoulenents  quaai-cylindrique*  pour  1'dcriture  de  I'dquation  de 
l'dqui libre  radial. 


Ui  * 

L 'dtat  2  ae  ddduit  de  I'dtat  1  anyennant  une  reconpressioo  caractdrisde  par  le  parent t re  X  ■  1  -  (  — *  ) 

.  U1  r> 

Le  calcul  montre  que  dana  le  cadre  de  ce*  hypothdaes  il  n  eat  paa  toujour*  poaaible  de  trouver  un  rayon 
du  noyau  tel  que  lea  dquationa  aoient  satis f sites  eotro  lea  aection*  1  et  2. 


Ainai,  dan*  le  plan  dea  parandtrea  T  f  X  (fig, 20),  on  peut  conatruire  la  courbe(  -L)  qui  aarque  une  Unite 
au  dotaaine  d* existence  dea  solutions  quaai-cylindriques.  De  Id  vient  l'idde  sinple  d'utiliaer  cette  courbe 
Unite  pour  ddfinir  un  cricdre  d'dclatenent. 


On  renarquera  qu'en  ddpit  dea  dcarta  qui  peuvent  a'expliquer  par  la  diffdrence  dea  schdnaa  de  calcul  propoada, 
lea  deux  thdoriea  conduisent  d  des  "critdrea"  voisins. 


7.4  -  Etude.  ixploJutfQAAe.  de*  condition*  df  tetatement  - 

Pour  prdciaer  lea  condition*  d'dclatenent  en  fonction  des  parandtrea  nia  en  dvidence  au  paragraphe  prdeddent 
( intensitd  tourbillonnaire ,  gradient  de  preaaion  adverse)  une  dtude  ayatdnatique  a  ftd  entrapriae  aur  le 
montage  I  (tourbillon  d'aile  delta). (La  distance  entre  l'aile  et  la  prise  d'air  dtait  ici  plua  courts  que 
dans  lea  expdriences  ddcritea  plua  haut).  Dans  un  souci  de  simplification  on  a  adoptd  lea  parandtrea  de 
fonctionnenent  suivanta  :  l '  incidence  Ct  de  l'aile*  lide  d  l'intenaitd  tourbillonnaire  et  l'ouvertura  des 
volets  (parandtre  £  )  ddterminant  la  teconpression  dans  la  veine.  On  a  ainai  obtenu,  pour  cheque  couple 
(  <1  t  £  ),  la  position  longitudinale  X£  du  point  d'dclatenent ,  dans  la  insure  oh  celui-ci  se  situs  en 
aaont  de  la  prise  d'air.  Lea  valeurs  de  Xg  ,  ddteimiudes  par  voie  optique,  aont  prdsentdea  aur  la  figure 
21  en  fonction  de  1* incidence  Cl  pour  pluaieurs  valeura  de  £  .  Lea  rdsultats  font  apparattra  une  limits, 
reprdaentde  par  la  courbe  (L)  aur  la  figure  21,  au-deld  de  laquelle  I'dclatenent  n' eat  plua  observd  . 

Pour  donner  plus  de  gdndralitd  d  ce  rdsultat,  la  courbe  Unite  (L)  a  dtd  tranapoade  dana  la  plan  da  deux 
parandtrea  plua  directenent  lids  d  1 'intensitd  tourbillonnaire  d'une  part  et  d  la  recoapression  d' autre 
part  :  pour  la  premier  on  a  choiai  la  circulation  autour  du  tourbillon.  Colle-ci  eat  ddteminde  k  partir 
de  1' incidence  a  d  l'aide  de  la  thdorie  de  POLHAMUS  [23]  (et  partiellenent  contr6)de  par  naaure  directs). 

T  eat  nonsaliade  par  U0  et  ^  »  rayoo  Unite  du  tourbillon  d'Euler  :  T '  =  l/2llliR  .  Four  le  second, 
on  a  choiai  le  gradient  de  preaaion  lointain(dKp-V/d  X  nesurd  au  droit  du  point  d’dclatenent,  noma- 

lied  par  la  distance  Lf  du  point  d'dclatenent  I’apex  de  l'aile  :  *’  =  L  t  ) 

.  ®  d  x  C 

La  courbe  (<c  )  ddfinit  done  dana  le  plan  dt  cat  deux  parandtrea  la  limits  daa  posaibilitds  d'dclatenent, 
comm  indiqud  aur  la  figure  22.  Elle  prdsente  une  certains  analog!#  avec  las  courbe*  Unites  thdorique* 
diacutde*  plus  haut  (figure  20),  dont  la  signification  et  le  bien-foodd  reatent  encore  I  prdciaer.  De  nine, 
la  gdndra  liaation  de  la  limits  d'dclatenent  <n dvidence  dana  la  prdsente  dtude  axploratoire  devra  fairs 
l'objet  de  recherche*  expdriaentalea  plua  approfoodias  en  vue  de  ddgager  des  critdrea  pratiques  d'dclatenent. 

i  -  cflvatisiow  - 

Un*  dtude  expdrinentele  dea  conditions  da  destabilisation  daa  tourbillon*  *  etd  effectuda  aur  daux  confi¬ 
gurations  tourbillonnaire*  de  nature  diffdrente  :  l'une  concerns  le  tourbillon  d’apax  d'une  aile  delta, 

1* autre  a’apparente  au  tourbillon  de  bout  d'aile,  maie  prdsente  par  rapport  d  celui-ci  des  propridtds  de 
syndtrie  plus  narqudea,  grtce  d  1 'utilisation  d'un  gdndrateur  k  daux  ailettes.  Alora  qua  la  premier  montage 
engendre  un  tourbillon  alinentd  par  la  nappe  iasu  du  bord  d'attaque  de  l'aile,  le  tourbillon  engendrd 
par  la  second  montage  ae  ddveloppe  par  enroulenent  en  une  spirals  k  double  branch#  daa  deux  nappes  tourbil- 
locmaire*  dniaaa  au  bord  de  fuite  de*  ailettes.  Il  en  rdsulte  une  diffdrence  apprdciable  dana  I#  structure 
interne  du  tourbillon,  bien  que  le  champ  extern*  adit,  dana  lea  daux  cas,  du  type  "tourbillon  potantiel".Caa 
diffdrence#  ae  manifested  principalement  dons  la  forma  das  profils  de  viteaae  et  ae  traduiaent  au  centre  du 
tourbillon  pa-  une  surviteaae  exiale  plus  pronooede  at  par  une  dvolution  plua  plate  da  la  vitaaaa  tangent i* 11a 
dana  la  caa  du  tourbillon  d'aile  delta.  Il  an  rdsulte  une  ddpraaaion  aur  I'm  plus  accuade  pour  ce  toufbil- 
loo,  accentud#  par  le  fait  que  son  intensitd  tourbillonnaire  eat  plus  dlevde. 
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L'dtude  de  la  destabilisation  du  tourbillon  soua  I'effet  d'un  gradient  de  pression  adverse  a  ltd  conduite 
but  ces  deux  configurations  tourbil  lonnaire*  selon  des  objectifs  ldgdrement  different*  :  dan#  le  cas  du 
aontage  d'aile  delta,  qui  eat  essentiel lament  destind  &  l'dtude  des  conditions  d'apparition  de  i'dclatement 
et  4  l'dtahlissement  de  critdres  pratiques,  une  configuration  psrticulidre  de  tourbillon  dclatd  a  dt  d  ana- 
lysde  en  plusieurs  sections  de  l'dcoulement.  Dana  le  caa  du  aontage  4  ailettes,  qui  eat  davaotage  destind 
4  1' analyse  fine  de  la  structure  turbulent*  dans  lea  vortex  destabilises,  on  a  procddd  4  une  dtude  plus 
systdaatique  en  faisant  varier  les  conditions  extdrieures  de  destabilisation,  la  plupart  des  assures  ay ant 
d td  effectives  en  une  seule  section. 

En  ddpit  des  differences  de  structure  interne  des  deux  tourbillons,  de  no^reux  traits  commune  caractdriaant 
le  processus  de  destabilisation  se  ddgsgent  des  deux  sdries  d'essais  :  l'enroulement  spiral  du  noyau  tourbil- 
lonnaire,  la  formation  d'un  bulbe  de  recirculation  pour  lea  configurations  dclatdea,  l*  brusque  ere use men t 
des  profils  de  vitesse  longitudinale  au  voisinage  de  l'axe  et  la  deformation  cone omit ante  dss  profile  de 
vitease  tangent ie lie, .. .  etc.  Parmi  les  differences  il  convient  de  aouligner,  pour  le  tourbillon  d'aile 
delta,  Involution  plus  brutale  de  la  destabilisation,  lea  niveaux  de  fluctuation  da  vitesse  senaiblement 
plus  dlevds,  notanment  dans  les  sections  proches  de  1 'dclatement ,  ou  le  caractdre  instationnaire  est  trfes 
prononed.  Des  dtudes  ultdrieurea  faisant  appel  4  la  technique  de  l'dchantillonnage  conditionnel  devront 
dlucider  la  nature  et  l'origine  de  ces  fluctuations. 

Les  configurations  tourbillonnaires  dtudidea  juftifient  l'hypothdse  qua*  i-cy  lindrique,  au  Mina  avsnt 
I'dclatement.  Les  rdsultats  relatifa  au  tourbillon  de  l'eile  delta  ont  fait  i'objet  da  quelques  confronta¬ 
tions  dldtsentaires  avec  des  thdorias  dlabordes  dans  la  cadre  da  cea  hypotheses  :  la  thdoria  de  la  gtabilitd 
met  en  dvidenca  une  tone  instable  au  voisinage  iastdiat  da  l'axe.  La  thdorie  de  BENJAMIN  relative  4  I'dtat 
sub  ou  supercritique  est  bien  confirmde  par  1  'expdrience.  Enfin,  la  thdoria  des  dcoulements  quaa  icy  lindrique  s 
suggdre  des  critdres  d'dclatement  en  fonction  de*  paramAtre*  intensity  touTbillonnaire  et  gradient  de  pres- 
aion  adverse  dont  le  rdle  fondamental  est  bien  vdrifid  par  1 'expdrience  :  une  condition  limite  de  1 'existence 
de  l'dclatesient  a  dtd  dtablie  4  partir  des  expdriencet,  mais  la  gdndralisetion  de  ce  rdaultat  teste  encore 
&  vdrifier. 

818L70GRAPHJE 

[11  HARVEY  J.R  - 

Some  observations  of  the  vortex  breakdown  phenomenon. 

J.  Fluid  He ch.,  Dbl.  14,  Part  4,1962 

[2]  ELLE  B.J.  - 

An  investigation  at  low  speed  of  the  flow  near  the  apex  of  thin  delta  wings  with  aharp  leading  edges. 
ARC  R  i  H  3176  (January  1958>. 

[31  WE RLE  H.  - 

Sur  l'dclatesient  des  tourbillons  d'apex  d'une  sile  delta  aux  faibles  vitesses.  Rech.  Adron.  n*  74 
(1960). 

[4 J  LAMBOURNE  N.C.  and  BRYER  D.W  - 

The  bursting  of  leading-edge  vorticee.  Some  observations  and  discussion  of  the  phenomenon. 

ARC  R  &  N  o'  3282  (April  1961). 

[51  DELERY  J.  et  HOROWITZ  E.  - 

Interaction  entre  une  onde  de  choc  et  une  structure  tourbil lonnaire  enroulde. 

52nd  Meeting  Fluid  Dynamics  Panel.  AGARD  .Rotterdam  25-28  Avril  1983. 

[61  P.PHILBERT,  R.BEAUPOIL,  J.P.FALENI  - 

Application  d'un  dispoaitif  d'dclairage  laminaire  4  la  visualisation  des  dcoulements  ad rodynamiques 
an  scuff laric  par  dmiesion  de  fusA*. 

Rech.  AArospatiale  n*  1979-3,  pp.  173-179, 

[7]  A. B00TIER,  J.LEFEVRE,  C.PEROUZE,  O.PAPIRNYK  - 

Operational  two-dimensional  lasar  velocimeter  for  various  wind-tunnel  measurements. 

Communication  34ms  rd union  da  Travail  Internationals  sur  la  Vdlocimdtrie  Laser. 

University  -  Hast  Lafayette  (Ind.  U.S.A.)  (11-13.7.1978). 

[8]  MICHALKE  A.  ,  TIRtC  A.  - 

On  the  inviscid  instability  of  certain  two  dimensional  vortex  type  flm. 

J.  Fluid  Hech  •  Vol .  29,  Part  4,  1967. 

[91  PRANDTL  L.  - 

Guide  4  eravers  la  Mdcanique  dea  Fluides  ,  Chap. 2  I  11, 

Dunod  1952 

[101  VILLAT  H.  - 

Leqoos  sur  la  thdoria  des  tourbillons 
Chap. 3  -  Gauthier -Vi liars  1930. 

[Ill  HALL  M.C.  - 

Vortex  breakdown 

Ann.  Rev.  Fluid  Mach.  4,  195,  1972. 

(12)  BENJAMIN  T.B.  - 

Theory  of  the  vortex  breakdown  phenomenon. 

J. Fluid  Mach., Vol ,14,  Pert  4,  1963. 


2  a-n 


[13]  HALL  K.O.- 

A  theory  for  the  core  of  leading  edge  vortex 
J. Fluid  Mech.  Vol.U.  Pert. 2,  1961 
R.A.E.  Report  Aero  2644,  1960 

[14]  LUDWIEC  H.  - 

Erk  lining  dee  Wirbeleufpletzens  nit  Hilfe  d«r  dtabilit'dtstheorie  fUr  Strdmuogen  ait  schraubenlinien- 
fdrnigen  Stroalinien. 

Z.Flugvias  13  (1965),  Heft  12  pp  437  -  442. 

[15]  SQUIRE  H.8.  - 

Analysis  of  the  vortex  breakdown  phenomenon.  Part.l. 

lap.  Coll,  of  Sc.  6  Techn.  U.  London,  Aaron. Dept. Rep. 102,  1960. 

[16]  LAAOUKHE  H.C.  - 

The  break  dam  of  certain  types  of  vortex. 

ARC  CP  n°  915  (aepte^>er  1965). 

[17]  SOUTH  P. 

A  simple  theory  of  vortex  bursting. 

National  Research  Council  of  Canada,  Aeronautical  Report  LR  414,  NEC  8290,  1964. 

[18]  HALL  M.G.  - 

A  new  approach  to  vortex  breakdown 

Proceedings  of  the  1967  Heat  Transfer  and  Fluid  Mechanics  Institute 
(Stanford  Univ.  Press,  1967). 

[19]  RAAT  J.  - 

Vortex  development  and  breakdown 
A1AA  paper  75-881 

A1AA  8th  Fluid  and  Plasaa  Dynamics  Conference,  Hartford,  Conn., 

June  16-18,  1975. 

[20]  LUDWIEC  H.  - 
Ergdnxungxuder  Arbeit  : 

"Stabilitlt  der  Stromung  in  einem  sylindrischen  Ringraua"  . 

Z.Flugwiss.  9  (1961)  Heft  11  pp. 359-361. 

[21]  HOWARD  L.N. ,  GUPTA  A.S.  - 

On  the  hydrodynamic  and  hydromagnetic  stability  of  swirling  flows. 

J. Fluid  Mech.,Vol .14,  Part. 3,  1962. 

[22]  LEIBOVICH  S.  - 

Vortex  breakdown  :  experiment  end  theory 

Rap.  EPR-76-8,  Cornell  University,  Ithaca,  Dec. 1976. 

[23]  E.C.  POLHAMUS  - 

A  concept  of  the  vortex  lift  of  sharp  edge  delta  wings  baaed  on  e  leading  edge  suction  analogy. 

NASA  TN  D-3767  (ddcewbre  1966). 

REtfRCJEMEMTS  -  ted  aoteuAd  tiznntnt  A  kvhacasa  MM.  M.PHILBERr,  R.8EAMP0U  tt  J.P.FAlfWI,  qui  ont  KtatUi 
U*  vUuatUatiofU,  ainU  rut  MM.  C.d’HUMIERES  tt  V.SOULEVANT  qwi  ont  txicutl  l<u  sedated 
ou  taMA. 


fig.  la  -  klontagi  ixptiiijKiUat  T  :  tauibiUon  d’aiU  ditto.. 


fig.t  -  Sditm  de  pxincipt 

dt  V  toM\ 


fig.  3a  -  Evolution  da  la  pi t&tion  dam  V  icoultmut  ix&ihui  i  Hontagt  It  *10*  I 


100 


2 


Hg.tt  -  Condition  Umitl  i'lcUttmOU 


AD  P002266 


WAVES  ON  VORTEX  CORES  AND  THEIR  RELATION 
TO  VORTEX  BREAKDOWN 

by 

T. Maxworthy*,  M.Mory  and  E.J.Hopftnger 
Institut  de  Mecanique 
(Lahoratoire  Associe  au  C.N.R.S.) 

Universite  de  Grenoble 
B.P.  n°  68 

38402  St  Martin  d'Heres 
France 


SUMMARY 

It  was  conjectured  by  Hopfinger,  Browand  and  Gagne  (1982)  [  I  ]  that  travelling,  large  amplitude  “kink”  waves, 
observed  by  them  in  rotating,  turbulent  fluid  might  be  at  the  origin  of  vortex  breakdown  and  small  scale  turbulence 
production.  This  observation  motivated  us  to  study  such  waves  experimentally  on  isolated  vortices  under  controlled 
conditions.  Their  characteristics  are  interpreted  in  terms  of  theories  based  on  the  localised  induction  equation.  It  is 
found  that  these  kink  waves  remain  stable  and  exhibit  soliton  interaction  properties.  Axisymmetric  travelling  waves  on 
the  contrary  cause  breakdown  when  their  amplitude  exceeds  a  certain  magnitude.  Benjamin's  ( 1 967)  [  2 1  theory  was 
used  to  calculate  the  critical  phase  speed  and  the  velocity  perturbation  inside  a  wave  of  finite  amplitude.  The  theoretical 
results  show  that  the  axial  velocity  changes  rapidly  become  large  so  that,  according  to  instability  considerations,  growth 
of  spiral  disturbances  is  possible.  Breakdown  caused  by  axisymmetric  waves  and  possibly  by  combined,  axisymmetric 
and  kink  waves,  is  demonstrated  experimentally. 

IX 

I.  INTRODUCTION 

In  a  recent  study  of  a  turbulent  flow  field  generated  by  an  oscillating  grid  in  a  rotating  tank,  Hopfinger.  Browand  and 
Gagne  ( 1 982)  ( 1 1  (from  here  on  referred  to  as  HBG)  discovered  the  existence  of  intense  vortices  approximately  aligned 
with  the  rotation  axis.  Vorticity  intensification  in  these  vortices  was  well  over  a  factor  of  1 0  and  a  variety  of  wave 
motions  were  observed  upon  them  with  frequent  occurrences  of  vortex  breakdown.  An  analysis  of  a  selected  "kink”  wave 
disturbance  by  Hopfinger  and  Browand  (1982)  [3]  showed  that  it  was  well  described  by  Hashimoto’s  (1972)  [4  J  vortex 
solitary  wave  theory  which  is  based  on  the  local  induction  equation.  HBG  gave  these  kinked  solitary  waves  a  central  place 
in  the  dynamics  of  vortex  breakdown  and  even  in  vortex  intensification.  If  the  latter  is  rather  speculative,  the  possible 
relation  of  kink  waves  with  vortex  breakdown  is  an  aspect  worth  investigating.  This  has  also  been  recognised  by  Leibovich 
( 1 982)  [S 1 .  In  particular  the  “loop”  mode,  not  mentioned  in  previous  studies,  seems  indicative  of  a  kink  wave  event. 

The  study  of  wave  motions  on  vortex  cores  is  a  venerable  one  and  for  many  years  relatively  simple  solutions  for  the 
helicoidal  wave  and  plane  sinusoidal  wave  have  been  known.  The  kinked  soliton  solutions  on  the  contrary  are  quite 
recent  (Hashimoto,  1972,  Kida,  1981)  [4, 6]  and  are  just  beginning  to  be  examined  for  vortices  with  distributed  vorticity 
1 7 1 .  More  surprising  is  that  only  in  the  past  few  years  has  it  been  recognized  that  vortex  flows  are  one  class  of  fluid 
motion  which  can  support  axisymmetric  solitary  waves  which  are  manifested  by  an  increase  in  core  diameter  as  the  wave 
passes  (2, 8, 91 .  The  theory  of  axisymmetric  long  waves  which  are  the  ingredients  for  a  discussion  of  solitary  waves  are 
due  to  Squire  1 10)  and  Benjamin  (1962)  (11). 

While  some  parts  of  this  theoretical  framework  have  been  subject  to  a  certain  amount  of  experimental  scrutiny,  in 
particular  standing  axisymmetric  waves  on  supercritical  core  flows,  known  from  vortex  breakdown  phenomena  (see  for 
instance  Reference  1 2),  others  have  not. 

In  what  follows,  we  study  travelling  .inked  solitary  wave  motions  and  axisymmetric  waves  in  the  aim  to  determine 
their  properties  and  their  possible  role  in  vortex  breakdown  of  subcritical  core  flow.  In  Section  2  the  apparatus  and  the 
vortex  flow  structure  is  described.  Th  j  results  for  kink  waves  are  presented  in  Section  3  and  experimental  and  numerical 
results  for  axisymmetric  waves  are  considered  in  Section  4.  The  relation  of  these  waves  with  vortex  breakdown  is 
discussed  in  Section  S,  including  also  turbulent  flow  conditions. 
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2.  THE  VORTEX  STRUCTURE 


2.1  Vortex  Generation  Apparatus 

The  basic  apparatus  is  identical  to  that  used  in  H.B.G.,  except  that  the  grid  mechanism  at  the  bottom  of  the  tank 
was  replaced  by  a  plastic  disc,  and  an  apparatus  to  produce  a  single  concentrated  vortex  was  mounted  within  and  around 
the  tank  (Fig.  1 ).  The  latter  consisted  of  a  central  suction  tube  of  1 .4  cm  diameter  connected  to  a  pump,  flowmeter  and 
discharge  pipe  all  mounted  outside  the  tank  and  fixed  in  the  laboratory  frame.  The  vortex  was  made  visible  either  by 
injecting  dye  through  a  central  hole  in  the  bottom  plate  or  by  observing*  photographically,  small,  neutrally  buoyant 
particles  circulating  through  the  system.  The  latter  were  used  to  measure  the  axial  and  swirl  velocity  profiles  within  the 
vortex.  The  wave  pattern  and  propagation  speed  were  obtained  from  cind  films  taken  of  the  vortex,  made  visual  by  dye. 
After  several  initial  trials,  three  flow  conditions  were  chosen,  all  had  the  same  clockwise  tank  rotation  rate  ft  of 

1.5.1  rad/s  with  three  different  total  suction  flow  rates  130,  180,  230  Itr/hr. 


Fig.l  The  apparatus.  The  suction  tube  above  causes  a  convergence 
of  vorticity.  The  vortex  is  disturbed  by  either  shaking  the  suction  tube, 
by  cutting  through  the  vortex  with  the  disturbance  generator  or  by 
suddenly  stopping  the  suction  for  a  short  time 


To  produce  isolated  kink  waves,  a  thin  metal  rod  was  swung  horizontally  so  that  it  cut  the  vortex  at  either  the  top  or 
the  bottom  or  both  in  some  cases  for  interaction  studies.  This  had  the  effect  of  both,  stopping  the  vertical  flow  in  the  cut 
section  for  an  instant  and  also  of  bending  the  core.  This  is  perhaps  not  the  best  method  of  producing  solitary  kink  waves. 
A  more  adequate  method  but  experimentally  difficult  to  realize  would  be  to  oscillate  the  suction  tube  in  just  the  right 
way  to  produce  the  required  torsion.  Axisymmetric  waves  were  produced  by  suddenly  reducing  for  a  short  duration  the 
suction  rate  by  pinching  the  plastic  suction  tube. 

2.2  Undisturbed  Flow  Field 

The  undisturbed  flow  field  of  the  vortex  at  the  middle  of  the  tank  is  shown  in  Figure  2  for  the  three  cases 
considered.  The  vortices  are  relatively  thick  ^3-4  mm  radius)  and  the  vortex  diameter  decreases  only  slightly  with 
increasing  flow  rate,  [n  a  later  series  of  qualitative  tests,  the  core  could  be  made  much  thinner  by  inserting  a  porous  plate 
on  the  bottom  of  the  tank  and  withdrawing  fluid  from  the  bottom  boundary  layer.  This  greatly  modified  the  boundary 
layer  eruption  and  vortex  breakdown  at  the  bottom  of  the  tank  and  created  a  thinner  initial  core  diameter  as  a  bottom 
boundary  condition  on  further  core  development  (Maxworthy,  1 973)  1 13) .  However,  this  scheme  gave  a  rather  unsteady 
core,  due  to  pore  blockage  and  the  small  diameter  of  the  porous  plate  and  was  not  used  in  the  reported  wave  experiments. 

On  Figure  2,  we  compare  the  experimental  swirl  velocity  measurements  for  each  case  with  the  Burgers  vortex 
(Equ.la)  and  the  axial  velocity  profiles  with  Turner’s  (1966)  ( 141  model  (Equ.lb). 

r  a  —  e— i 

V(r>  °  —  (,);  W(r)  =  Wmd  (b)  (1) 

where  r  it  the  circulation,  Wm  b  the  maximum  axial  velocity,  y  =*  r’/2  and  a  and  8  are  parameters  determined  by 
adjuatini  the  model  to  the  experimental  dbtributkm  (here  the  case  230  Itr/hr,  a  «  25  cm'1 ,0  =  4  cm'1 . 
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Fig. 2  Undisturbed  swirl  and  axial  velocity  profiles  Tor  the  three  cases  considered  in  this  paper, 
n=  1.51  rad  s~‘ ;  0,  a,  flowrate  Q  =  1 30  Itr/hr.  VT  =*  58  cm"’ ,  Wm  at  25  cm"' ,  v,  A.  Q  =  1 80  Itr/hr, 
Vm  =■  93  cm"1 ,  Wm  at  35  cm'1 ,  +,  x,  Q  =  230  Itr/hr,  Vm  =■  132  cm-' ,  Wm  *  60  cm'1 :  .  calculated 

from  Equation  1  for  case  Q  =  230  ltr/hr;  r0  =  0.32  cm 


A  considerable  amount  of  vorticity  lies  outside  any  reasonably  defined  cole  radius  (e.g.  the  radius  at  which  V  is  a 
maximum).  However  all  of  the  theories  to  be  used  in  our  comparison  with  experiment  assume  that  the  core  is  thin 
compared  to  some  reference  length  (e.g.  the  wave  length  of  a  typical  disturbance)  and  that  all  of  the  vorticity  is 
contained  within  it.  Clearly  with  the  observed  vorticity  distributions  we  should  really  calculate  the  radial  modal  response 
of  the  vortex  to  any  particular  input.  However,  this  is  beyond  our  present  abilities  and  invariably  severe  simplifying 
assumptions  must  be  made.  At  the  heart  of  these  lies  the  “localised  induction  equation",  well  described  in  Batchelor 
( 1 970,  pg.509)  ( 1 5 1 ,  in  which  the  induced  velocity  at  any  point  on  the  vortex  centre-line  is  supposed  to  be  due  only  to 
the  vorticity  in  these  elements  within  a  short  distance  (L)  on  either  side  of  the  point.  The  ratio  of  L  to  the  core 
diameter,  r„  ,  is  always  assumed  to  have  some  constant  value,  which  as  far  as  we  know,  has  been  estimated  for  vortex 
rings  (with  constant  curvature),  where  it  turns  out  to  depend  on  at  least  the  Reynolds  number  (i.e.  effective  vortex  core 
diameter),  and  for  kink-waves  by  HBG.  Maxworthy  and  Hopfmger  ( 1 983)  [16)  were  able  to  estimate  this  quantity  and 
show  how  it  varies,  not  only  with  the  vorticity  distribution,  but  also  with  the  curvature  of  the  filaments.  In  the  range 
0.05  <  *  r0  <  0.2  ,  where  x  is  the  curvature,  the  ratio  L/t„  can  be  taken  constant  and  for  practical  purposes  «  4  . 

3.  ISOLATED  KINK  WAVES 

We  have  refrained  from  calling  this  section  “solitary  kink  waves"  because  it  now  appears  that  the  waves  we  can 
produce  most  readily  are  probably  not  yet  solitary  waves  in  the  classical  sense.  They  are  still  evolving  during  our 
observations  and  although  they  exhibit  some  of  the  features  of  solitary  waves,  in  other  ways  they  are  different.  We  start 
our  discussion  with  a  description  of  the  formation  process.  In  the  first  method  the  suction  tube  was  oscillated  quickly 
through  one  cycle  and  the  evolution  of  the  resultant  single  kink  followed  photographically.  In  the  present  apparatus, 
such  waves  were  of  such  small  amplitude  compared  to  the  visible  core  size,  for  example,  that  it  was  impossible  to  obtain 
any  useful  information  from  them. 

Alternatively,  and  first  chronologically,  the  core  region  at  either  the  top  or  bottom  could  be  disturbed  by  rapidly 
cutting  through  the  core  with  a  thin,  solid  rod.  This  had  effects  which  were  different  depending  on  the  direction  of 
propagation. 

3. 1  Wave  Pattern  and  Wave  Speed 

When  the  core  was  cut  near  the  top,  the  axial  flow  was  cut-off  briefly.  This  information  was  transmitted  to  the 
rest  of  the  vortex  by  an  axisymmetric  solitary  wave  of  expansion  which  depending  on  its  amplitude,  sometimes  became 
unstable  and  produced  growing  spirals  behind  it.  This  axisymmetric  wave  had  a  high  velocity  and  rapidly  left  the  region 


L 


of  the  original  disturbance.  A  second  perturbation  was  created  by  the  motion  of  the  rod  and  this  consisted  initially  of  a 
single  kink  under  most  circumstances.  At  the  same  time  as  this  kink  began  to  propagate,  the  axial  flow  was 
reestablished  by  a  wave  of  contraction  or  convergence  from  the  suction  tube,  which  also  had  a  much  higher  velocity  than 
that  of  the  kink. 

In  Figure  3,  we  show  the  evolution  of  a  typical  kink  of  this  type  (a  photograph  of  a  kink  wave  is  presented  in 
Figure  8b).  The  chain-dotted  lines  join  identical  points  on  the  pattern  as  it  rotates  slowly  clockwise  (in  the  sense  of  the 
vortex  rotation)  at  2.4/s  in  the  frame  of  reference  of  the  rotating  tank.  The  forward  part  of  the  wave  develops  an  extra 
twist  indicating  that  the  group  velocity  exceeds  the  phase  velocity  (as  discussed  in  1 16) .  This  effect  confused  inter¬ 
pretation  of  the  wave  pattern  at  first  since  if  one  follows  the  developing  wave,  the  pattern  appears  to  rotate  in  the  wrong 
direction.  Clearly  our  method  of  production  is  not  optimal.  This  would  require  that  we  oscillate  the  suction  tube  in 
exactly  the  right  way,  with  increasing  then  decreasing  amplitude  to  put  in  the  correct  initial  wave  shape  This  we  have 
not  been  able  to  do  in  this  set  of  experiments.  When  the  wave  interacts  with  the  end  wall,  it  goes  through  a  phase  advance 
as  it  does  and  reappears  as  a  left-handed  kink.  We  return  to  a  more  general  discussion  of  such  interaction  in  the  next 
section. 


Fig  J  Evolution  of  an  isolated  kink  wave  running  down  the  vortex  core  corresponding  to 
conditions  Q  =  180  ltr/hr.  The  chain  dotted  lines  represent  the  estimated  trajectory  of 
the  wave  envelope  and  the  dotted  line  is  the  trajectory  of  a  wave  crest  through  the  packet. 

The  wave  speed  Cg  “  33  cmr1 ,  maximum  amplitude  a,,,  “  0.49  cm  and  torsion  “  0.89  cm*' . 


Several  waves  like  that  shown  in  Figure  3  have  been  analysed  using  the  results  of  Hashimoto  (1972)  (4)  as  inter¬ 
preted  by  HBG.  The  wave  (envelope)  speed  is  given  by 


q  “  2r0 


(2) 


where  r„  is  the  wave  torsion,  which  for  small  a^/X  is  approximately  equal  to  2»/X  ,  where  a„,  is  the  maximum 
radial  displacement  of  the  core  centre  line  and  X  the  wavelength  of  the  central  kink  so  that 


(3) 


However  the  wave  peaks  move  at  a  different  speed  because  in  a  frame  of  reference  moving  with  the  wave  envelope 
the  warn  pattern  rotates  which  shows  up  in  a  translation  of  the  peaks  without  translation  of  material  elements  of  the 
core.  The  rotation  rate  of  the  vortex  filament  is  given  by 


»  L 

“P  *  17  r*ta  T' 


(4) 

1 


The  maxima  and  minima  then  appear  to  more  at  a  speed 
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With  Equations  (3)  and  (4)  the  parameter  introduced  by  HBG  and  Hashimoto  becomes 


Experimentally  we  can  verify  Equation  (6)  which  does  not  depend  on  a  knowledge  of  the  induction  length  L.  For 
the  wave  shown  in  Figure  3  the  pattern  appears  to  rotate  in  the  sense  opposite  to  that  given  by  induction  at  a  rate 
2.4  rad/sec*.  This  indicates  that  the  wave  envelope  had  a  velocity  only  slightly  larger  than  the  phase  velocity  (individual 
peaks),  an  effect  that  was  generally  true.  For  the  particular  wave  considered  a,,,  =*  0,49  cm,  X  “■  6.8  cm  and 
Cp  *■  33  cms'1 ,  hence  Cp/tOpa^  28  .  The  theoretical  value  T  =  X/aam  *  5.3.  At  least  two  reasons  for  this 
discrepancy  can  be  suggested.  First,  it  is  likely  that  the  observed  disturbances  have  either  not  yet  evolved  into  solitary 
waves  or  that  perhaps  they  never  do  under  the  present  experimental  conditions.  The  latter  idea  is  related  to  Lamb 
( 1 980,  p.200)  [17)  who  showed  that  for  a  more  general  induction  equation  than  the  localised  induction  equation  it  is 
possible  to  obtain  filament  waves  which  obey  the  modified  KdV.  equation.  Such  an  equation  is  known  to  support 
breather  solitons,  i.e.  ones  in  which  the  interior  pattern  changes  during  propagation.  They  have  a  form  similar  to  the 
ones  found  in  our  experiments  and  may  in  fact  be  the  waves  we  observe  if  the  variation  in  wave  induction  velocity  as  a 
function  of  curvature  is  that  which  leads  to  the  MKdV.  equation. 

It  should  be  noted  that  the  kink  waves  which  could  be  generated  on  the  isolated  vortices  in  the  apparatus  shown  in 
Figure  1,  of  which  the  wave  shown  in  Figure  3  is  a  typical  example,  have  considerably  lower  wave  torsion  and  relative 
amplitude  than  the  wave  analysed  by  Hopfmger  and  Browand  ( 1 982)  [  3 ) .  The  localised  induction  assumption  may 
therefore  be  even  less  valid  than  in  the  situation  of  Hopfinger  and  Broward.  However,  if  we  calculate  the  apparent 
induction  length  from  Equation  (5)  using  the  experimental  value  of  the  phase  speed  obtained  from  Figure  3  we  get 
L/r0  *  3.4  a  value  close  to  that  of  HBG  ( 161 . 

3.2  Interaction  of  Isolated  Kink  Waves 

The  isolated  kink  waves  appear  to  have  very  unusual  properties  as  one  might  expect  if  they  are  evolving  into  solitary 
waves.  We  have  created  interaction  by  producing  waves  simultaneously  at  the  top  and  bottom  of  the  tank  and  allowing 
them  to  propagate  towards  one  another.  As  described  in  the  previous  section,  such  waves  running  downwards  have  not 
fully  evolved  into  solitary  waves  while  those  propagating  upwards  often  have  an  oscillating  character,  none-the-less.  they 
too  cause  a  phase  shift  in  the  oncoming  wave  although  the  effect  on  the  waves  is  often  hard  to  determine.  Two  typical 
inte.actions  are  shown  in  Figure  4  where  we  have  attempted  to  pick  out  the  wave  trajectories  for  the  forward  part  of  the 
wave,  both  incoming  and  outgoing.  The  forward  advance  of  the  phase  is  quite  dear  although  the  experiments  are  too 
crude  for  us  to  be  able  to  determine  the  dependence  of  the  phase  shift  on  the  initial  conditions.  We  only  note  that 
typically  it  is  of  the  order  of  the  central  wavelength  of  the  isolated  kii.k  wave,  but  since  this  was  not  varied  over  a  large 
range,  the  possibility  of  a  more  complex  relationship  is  an  open  question. 


Fig.4  Interaction  of  kink  waves  produced  at  both  ends  of  the  tank. 

Q  “  1 80  Itr/hr.  The  phase  advance  by  approximately  only  one  wave  length  is  clearly  visible. 


*The  essential  point  hart  a  not  the  actual  value  of  the  rotation  rata  which  Is  difficult  to  determine  to  an  accuracy  better  than  i  25*,  but 
rather  tha  fact  that  the  apparent  pattern  rotation  h  In  the  tense  of  the  core  vortidty  (phase  speed  <  group  velocity).  While  this  result 
agrees  quattatlvety  with  Hashimoto's  theory  It  contradicts  the  results  of  Leftovtch  and  Ms  [71 . 
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4.  AXISYMMETRIC  WAVES 

More  is  known  about  axisymmetric  waves  than  any  other  despite  the  difficulties  of  measurement  in  rapidly  rotating 
fluids  where  the  insertion  of  a  measuring  probe  completely  disrupts  the  flow  one  wishes  to  measure.  This  is  because  they 
are  directly  and  intimately  related  to  the  phenomenon  of  vortex  breakdown  which  has  many  technical  applications  (e.g. 
Lamboume  and  Bryer,  1961)1181.  The  most  complete  theoretical  description  we  know  of  is  due  to  Benjamin  (1962, 
1967)  (2,  1  1 1  which  has  considerable  experimental  support  in  the  work  of  Escudier,  Bomstein  and  Zehnder  (1980)  ( 19) , 
Escudier,  Bomstein  and  Maxworthy  (1982)  [12]  among  others. 

Essentially  the  view  is  that  a  weak  vortex  breakdown  consists  of  a  standing  train  of  finite  amplitude  waves  each  of 
which  closely  approximates  a  "sechJ  ”  solitary  wave  solution  of  the  Korteweg  de  Vries  equation.  When  the  leading  wave 
reaches  a  certain  critical  amplitude,  the  wake-like  flow  field  created  in  its  interior  becomes  unstable  to  spiral  disturbances 
of  negative  wavenumber  a  point  of  view  espoused  by  Escudier,  Bomstein  and  Maxworthy  [121  based  on  the  work  of 
Lessen,  Singh  and  Paillet  ( 1 972)  [  20] .  In  any  experiment,  these  invariably  grow  to  become  unstable  finite  amplitude 
spirals  of  small  pitch  rotating  in  a  direction  opposite  to  that  of  the  basic  rotation. 

Cleariy,  by  a  simple  Galilean  transformation,  these  standing  waves  on  vortices  with  supercritical  axial  velocity  can  be 
replaced  by  travelling  waves  on  a  subcritical  flow  of  the  type  described  in  Section  2.2.  In  order  to  determine  the  change 
in  vortex  structure  by  travelling  waves  we  use  here  Benjamin's  theory  to  calculate  the  local  change  on  vortices  with  axial 
flow.  This  isan  extension  of  Pritchard's(1967)  [8]  work  who  calculated  solitary  wave  motion  on  vortices  without  radial 
velocity  gradients  of  the  axial  flow. 

4. 1  Long  Wave  Solution 

The  axisymmetric  flow  is  described  in  cylindrical  coordinates  in  terms  of  the  circulation  f  (r,  z,  I)  and  the  stream 
function  ♦  (r,  z,  t).  T  and  ♦  are  expanded  to  the  different  orders  of  perturbation  of  the  basic  flow  r0  (r)  and 
+o  (r,  z) . 


T  =  r0  +  eT,  +  eJ  T,  +  .... 

♦  =  *„  +  eW,  +  e 2  *,  +  .... 

The  equations  of  motion  are  written  to  the  different  orders  in  e  ,  To  first  order  we  look  for  solutions  of  the  form 
+,  (r,  z,  t)  =  wifrje'11^-") 
r,  (r,  z,  t)  =  7i(r)eik(I_cl) 

where  y>,  (r)  satisfies  the  equations  of  motions  (Benjamin,  1967)  1 2) 

kJ  T-U  I  +. 
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(10) 


Here  y  =  rJ/2  for  simplicity.  Since  we  consider  an  unbounded  flow,  boundary  conditions  are  chosen  as  follows: 

4r(y  =  0)  =  0  and  ^yfy)  -v  o  as  y  -*  «  , 

The  axial  and  azimuthal  velocities  W  and  V  are  given  by: 

W  = 


V  = 


ry 

r 

V^y 


(II) 


For  any  value  of  C  ,  the  Sturm  Liouville  System  (9)  has  an  infinite  set  of  eigenvalues  which  are  ordered 
...  <  kj1  <  ...  <  k,]  <  k,1  <  k03  .  If  k0*  is  negative,  no  axisymmetric  wave  propagates  on  the  vortex  core  with  the 
velocity  of  Cl  .  Long  waves  correspond  to  the  critical  point  where  k0’  “  0  . 

Analytical  solutions  for  long  waves  are  available  when  the  axial  flow  has  no  radial  gradient.  Using  a  variational 
method  we  obtain  the  wave  velocity  C  and  the  shape  of  the  perturbation  Wi  .  In  the  pretence  of  radial  velocity 
gradients  we  have  attempted  to  obtain  a  solution  by  a  variational  method  but  the  results  were  unreliable.  A  numerical 
integration  was  therefore  carried  out. 
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We  integrated  the  vortex  flow  shown  in  Figure  2  with  the  axial  and  azimuthal  velocities,  here  denoted  V0  and  W0 
given  by  Equation  ( I ) . 

Although  the  basic  flow  contains  a  reverse  flow  for  large  values  of  y  ,  this  remains  weak  and  can  be  neglected. 
Then  lower  and  upper  bounds  for  the  phase  speed  of  the  wave  can  be  obtained  from  (2)  by  application  of  the  variational 
method 


0<IC-Vom  |<Wom  . 

The  value  of  the  phase  speed  and  the  corresponding  stream  function  for  long  waves  is  approached  by  using  an 
iterative  method  to  solve  (2)  numerically  for  different  values  of  C  .  This  was  done  for  the  vortex  approximated  by 
( 1 )  with  Wom  =  60  cm. S'1 ,  T0  =  65  cm2  .s-1 ,  a  -  25  cm'2 ,0  =  4  cm”2  for  both  directions  of  wave  propagation. 

The  results  obtained  for  the  speeds  are  as  follows 


C>0 

c  = 

Vom  +  0.93  W, 

C<0 

c  = 

-Vom  +  0.93  W, 

We  considered  only  one  case  but  the  results  we  present  here  are  likely  to  give  a  good  estimation  for  the  other  two 
cases  because  the  vortex  core  diameters  are  similar.  Calculations  for  different  cases  are  presently  being  carried  out. 

4.2  Solitary  Waves 

Here  we  consider  the  expansion  of  the  stream  function  Nk  and  the  circulation  T  to  second  order.  In  analogy  with 
the  Korteweg  de  Vries  equation  and  since  we  are  interested  in  waves  of  permanent  form,  we  use  the  coordinates 
y  and  x  =  e,/2  (z  —  Ut)  rather  than  y,  z  and  t .  The  velocity  of  the  solitary  wave  is  taken  as: 

U  =  <1  +  eA)  (13) 

where  A  is  an  unknown  coefficient  which  will  not  appear  explicitly  later  on.  A  solution  for  W,  is  sought  which  has  the 
form 


i 


=  *,(r)F(X) 


The  second  order  system  which  relates  and  Tj  to  ♦,  and  T,  gives  the  following  condition  for  F  : 
A(  Fxx  +  B,  F  +  C,  F3  =  0 


which  is  easily  integrated  as 


3 

F(X)  =  —  — 


*1 


(14) 


(15) 


(16) 


Ai .  B,  and  C,  are  integrals  over  the  entire  radius  and  depend  only  on  known  quantities  T0, 4<0  and  C  and  ,p,  . 


At  and  -  C,  remain  positive  for  the  two  ways  of  propagation,  indicating  the  existence  of  solitary  wave  solutions. 
But  the  sign  of  B,  changes  with  the  sense  of  propagation.  The  stream  function  ♦,  is  then  written  for  waves  with 
positive  and  negative  wave  speeds. 


C<0,  ♦,  =■  —  e*i(y)sech3  {cqe'^fz- Ut)}  a, 

C>0,  +,  =  ey>,(y)sech3  {a,e,/3(z  -  Ut)}  a,  =(^~) 


(17) 


The  circulation  T,  is  calculated  from  Equation  (10)  which  immediately  indicates  that  for  waves  of  identical 
amplitude  (tame  <)  the  maximum  of  the  induced  perturbation  F,  is  much  larger  when  the  wave  propagates  opposite  to 
the  axial  vortex  flow  (negative  sense). 


Since  surfaces  of  equal  circulation  and  surfaces  of  equal  pressure  coincide  this  results  in  sn  expansion  of  the  vortex 
core  which  is  much  larger  when  C  is  negative.  More  precisely,  the  distorsion  of  the  vottex  core  by  the  wave  is  written  as 


riz  -  Ut)  =  r0 


(18) 


when  r#  is  the  radius  of  the  vortex  core. 
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In  Figure  5  (a)  (b)  we  show  schematically  the  flow  configuration  for  negatively  and  positively  propagating  solitary 

waves  in  a  frame  moving  with  the  wave.  When  C  >  0  (Figure  5  (a))  the  solitary  wave  disturbance  tends  to  increase  locally 
the  axial  velocity  hence  increasing  the  azimuthal  vorticity  or  radial  shear  stress.  A  negatively  propagating  wave 
(Figure  5  (b))  may  on  the  contrary  lead  to  flow  reversal  (a  change  from  a  jet  to  a  wake  axial  velocity  profile). 


Fig. 5  Schematic  of  critical  flow  conditions  and  perturbation  induced  by  a  passing  solitary  wave, 
(a),  wave  travelling  in  the  sense  of  the  axial  flow  in  the  vortex  (C  >  0), 

(b),  wave  travelling  opposite  to  the  vortex  flow  (C  <  0). 

,  axial  velocity  distribution  in  interior  of  solitary  wave. 


For  a  maximum  distortion  of  20%  of  the  vortex  core  «rm  -  r0)/r0  =  0  2)  and  for  a  wave  propagating  opposite  to 
the  vortex  flow  we  calculated  the  corresponding  value  of  e  from  Equation  ( 18)  using  Equations  (1 7)  and  ( 10).  This 
value  was  then  used  to  compute  the  shape  of  the  vortex  core  when  the  wave  propagates  in  the  same  way  as  the  vortex 
flow.  The  shapes  of  the  vortex  core  are  plotted  on  Figure  6.  The  amplitude  of  the  bump  is  shown  to  be  larger  for  waves 
propagating  in  the  negative  direction. 


Fig.6  Calculated  perturbation  of  vortex  core  boundary  on  passage  of  a  solitary  wave: 

(rm  —  r0)/r0  •»  0.20  for  negatively  propagating  wave  and  some  parameter  e  for  both  wave  propagation  directions. 
_ ,  negatively  propagating  wave,  —  -  -  ,  propagation  in  positive  sense. 


We  performed  also  calculations  of  the  azimuthal  and  axial  velocity  field  in  the  centre  of  the  solitary  wave  using  the 
same  value  of  e  as  in  Figure  6.  It  is  seen  from  Figure  7  (a)  (b)  that  the  effect  on  the  axial  velocity  of  the  passage  of  a 

solitary  wave  with  relatively  small  amplitude  ( 20%  or  less  change  in  core  radius)  is  considerable.  For  positive  propagation 
(Figure  7  (a))  the  flow  becomes  nearly  critical  and  for  negative  propagation  a  wake  flow  (reversal  of  azimuthal  vorticity) 
with  large  radial  velocity  gradients  is  established.  Passage  of  axisymmetric  solitary  wave  of  relatively  small  amplitude  can 
therefore  cause  the  vortex  to  become  locally  unstable  to  spiral  disturbances  1 20) . 

Although  the  disturbance  of  the  vort  t  core  is  small,  the  corresponding  perturbation  for  the  stream  function  is  not 
of  weak  amplitude.  This  raises  the  question  of  the  validity  of  the  application  of  Benjamin's  perturbation  method.  A  large 
amplitude  model  would  be  without  any  doubt  more  accurate  to  describe  the  kind  of  wave  we  are  interested  in.  Such  an 
attempt  was  made  recently  by  Leibovich  (5)  but  the  effort  required  to  establish  such  a  model  is  considerable.  Therefore, 
the  model  approximation  based  on  a  small  perturbation  parameter  was  used  which  is,  in  any  case,  a  good  approximation 
of  the  important  mechanisms  involved  in  vortex  breakdown . 
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(a) 


Fig.7  Calculated  velocity  distributions  inside  a  solitary  wave  indicated  by  dashed  lines: 
(a),  positive  sense  of  propagation  and  a,„/rc  “  0.13  ,  (here  a,,  =  rm  -  r»); 

(b),  negative  sense  of  propagation  with  *m/to  *  0.20; 
the  parameter  e  is  the  same  in  (a)  and  (b); _ _  undisturbed  vortex  flow. 


4.3  Experimental  Results  on  Axisymmetric  Waves 

In  Figure  8  (a)  -  (b)  we  show  an  axisymmetric  wave  travelling  on  a  vortex  with  Q  ”  230  Itr/hr  in  the  opposite 
sense  to  the  core  flow.  The  time  interval  in  8  (a)  is  0.2  s  and  in  8  (b)  0.2S  a.  Figure  8  (a)  is  a  nice  example  of  solitary 
wave  development  out  of  a  large  initial  disturbance.  Figure  8  (b)  on  the  other  hand  shews  unstable  conditions  with  a 
vortex  breakdown  region  behind  the  wave.  The  latter  wave  has  been  produced  by  cutting  through  the  vortex  and  this 
is  why  the  axisymmetric  wave  is  followed  by  a  kink-wave. 

The  wave  speed  calculated  from  Equation  (12)  is  for  the  condition  corresponding  to  Figure  8  (V„  -  132  ems"' 
and  Wn  -  60  cmi~' )  C  »  76  cmS*' .  The  measured  speeds  are  respectively  for  Figure  8  (a)  and  (b)  83  cnuT*  and 
81  cm*~’ .  We  have  not  succeeded  at  present  to  determine  the  wave  speed  with  better  accuracy  and  it  teems  unlikely 
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that  any  amplitude  dependence  of  the  wave  speed  can  be  established.  For  one  thing  the  amplitude  is  already  relatively 
large  when  the  wave  can  be  followed  on  movie  pictures  and  vortex  breakdown  occurs  for  somewhat  larger  perturbations. 
Furthermore  the  vortex  is  always  subjected  to  weak  disturbances,  caused  either  by  dye  injection  or  by  vortex  breakdown 
inside  the  suction  tube  which  affect  the  vortex  structure.  The  scatter  in  the  experimental  points  in  Figure  2  is  to  some 
extent  indicative  of  the  unsteady  character  of  the  vortex. 


I 

I 


I 


* 


Fig.8  Photographs  of  axisymmetric  waves  on  vortex  characterised  by  Q  =  230  ltr/hr. 
(a)  developing  stable  solitary  wave,  (b)  unstable  wave. 


The  core  diameter  determined  from  the  dyed  region  in  Figure  8  corresponds,  within  experimental  error,  to  the 
vortex  core  size  2r0  which  defines  the  radius  characterized  by  V  =  Vm  .  Figure  8  (a)  also  shows  that  the  vortex  has  a 
taper  with  the  radius  increasing  in  the  direction  opposite  to  the  flow.  This  causes  the  relative  amplitude  of  negatively 
propagating  waves  to  decrease  more  rapidly  than  would  be  expected  from  viscous  dissipation  alone. 

Various  methods  were  tried  to  produce  axisymmetric  waves  at  the  end  opposite  to  the  suction  tube  which  would 
propagate  in  the  positive  sense.  The  only  technique  with  reasonable  success  was  to  cut  the  vortex  by  a  rod  which 
produced  an  axisymmetric  wave  followed  by  a  kink  wave.  The  wave  front  was  however  less  well  defined  than  that  of 
waves  produced  near  the  suction  tube  (tee  Figure  9)  and  any  determination  of  wave  propagation  speed  remained  fruitless. 
The  analysis  shows  (see  Figure  6)  that  positively  propagating  waves  have  smaller  amplitudes  and  this  explains  part  of  the 
difficulty  encountered  experimentally. 


S.  VORTEX  BREAKDOWN  CONDITIONS  AND  CONCLUDING  REMARKS 

S.l  Breakdown  on  Isolated  Vertices 

In  Section  4  we  showed  that  travelling  axisymmetric  solitary  waves  of  relatively  small  amplitude  on  subcritscal  core 
flow  can  bring  about  locally  unstable  flow  conditions.  In  particular,  a  wave  moving  with  C  >  0  causes  the  swirl 
parameter  q  -  Vm/W m  to  decrease  from  2.4  to  about  0.7  when  the  wave  amplitude,  referred  to  the  core  radius,  is 
Sffl/rg  “0.18  .  With  this  value  of  the  swirl  parameter  spiral  modes  could  just  about  grow  according  to  the  stability 
criteria  obtained  by  Leaaen,  Singh  and  Pailkt  ( 20] .  A  wave  propagating  opposite  to  the  core  flow  changes  the  jet-like 
profile  into  a  wake  (Figure  7  (b))  which  remains  subcritical  but  has  a  large  radial  velocity  gradient  For  a  relative  wave 
amplitude  of  0.28 ,  the  maximum  gradient  of  the  axial  core  velocity  inside  the  wave  is  of  fire  same  order  as  the  gradient 
inside  the  wave  with  porithre  C  and  a„/r,  “0.18  (Figure  7).  It  is  therefore  plausible  that  the  wake  profile  caused  by  a 
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wave  with  a„,/ra  =  0.28  is  also  near  to  marginal  stability.  More  definite  conclusions  would  require  a  stability  analysis. 

It  might  be  possible  to  use  the  stability  criterion  recently  obtained  by  Leibovich  and  Stewartson  ( 1 983)  (21).  We  should 
point  out  however  that  both  instability  studies  (20,  21  ]  are  valid  for  steady  flow  conditions  which  are  not  strictly 
speaking  satisfied  by  travelling  waves. 

Figure  8  (b)  shows  a  case  of  local  vortex  breakdown  in  the  wake  of  an  ax  symmetric  solitary  wave  creating  tightly 
wound  helices  and  turbulence.  It  would  be  a  fruitless  task  to  try  to  determine  a  wave  amplitude  criterion  for  vortex 
breakdown  from  the  present  experiments  but  Figure  8  (a)  would  indicate  that  a  wave  with  C  <  0  and  a,„/r0  *  0.25  is 
still  stable.  Considering  the  uncertainties  in  the  experiments  and  in  the  determination  of  stability  criteria,  observations 
are  consistent  with  the  above  discussions. 

The  isolated  kink  waves  are  observed  to  be  stable  entities  which  do  not  cause  disruption  of  the  vortex  core  (see  for 
instance  the  kink  in  Figure  8  (b)).  Even  when  they  interact  quite  violently  the  core  remains  unbroken.  When  a  kink  wave 
is  formed  by  disrupting  the  core,  the  latter  reforms  through  the  propagation  of  a  wave  of  contraction  from  the  suction 
tube  which  then  reconcentrates  the  disrupted  vortex  lines.  As  the  kink  waves  propagate  they  appear  to  have  no  effect 
upon  the  core  flow.  There  exists  the  possibility  that  kink  waves  with  larger  torsion  and  larger  curvature  would  be  less 
stable.  In  the  turbulent  flow  system  investigated  by  HBG,  for  instance,  torsion  and  curvature  were  considerably  larger 
than  what  could  be  obtained  on  the  isolated  vortices  and  this  could  explain  why  HBG  seemed  to  be  able  to  relate  vortex 
breakdown  to  kink  wave  dynamics  (see  however  Section  5.2). 

It  has  been  speculated  recently  by  Leibovich  [51  that  the  nonlinear  interaction  between  axisymmetric  and  non- 
axisymmetric  waves  might  be  the  most  favourable  ground  for  breakdown.  A  possible  case  of  interaction  of  different  wave 
types  is  shown  in  Figure  9.  The  vortex  has  been  cut  on  both  sides  which  generates  an  axisymmetric  wave  followed  by  a 
kink  wave.  The  waves  propagate  toward  each  other  and  strong  interaction  takes  place  which  results  in  breakdown  and 
turbulence  production.  The  vortex  rapidly  reforms  behind  the  wave  disturbances  by  waves  of  contraction. 
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Fig. 9  Photographs  of  a  wave  interaction  and  vortex  breakdown  on  a  vortex  corresponding  to 
Q  =  130  Itr/hr.  The  time  interval  is  0.2  s  and  the  axisymmetric  wave  with  C  <  0  is  marked  by  arrows 

on  the  first  two  frames. 
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5.2  Waves  in  Turbulent  Rotating  Fluids 

Here  we  reexamine  the  results  of  HBG,  noting,  among  other  things,  the  preponderance  of  unstable  ax  [symmetric 
waves,  and  add  some  extra  observations  to  emphasize  this  point.  The  critical  observation  here  is  that  any  disturbance 
which  tends  to  cut-off  or  reduce  the  axial  flow  in  the  vortex  core  creates  an  axisymmetric  type  of  solitary  wave  which 
may  or  may  not  become  unstable,  depending  on  its  amplitude.  In  the  experiments  of  HBG,  the  axial  flow  in  the  cores 
was  downward  into  the  mixed  region.  At  frequent  intervals  this  axial  flow  was  cut-off  completely  by  the  turbulent 
motion  in  the  mixed  layer  and  this  information  was  transmitted  along  the  core  to  the  rest  of  the  fluid  by  a  wave  of  such 
large  amplitude  that  it  was  invariably  unstable.  Such  a  wave  can  be  dearly  seen  in  HBG  ( Figures  1 6  (c)  and  (12)).  Due  to 
the  asymmetry  of  this  process  the  most  unstable  waves  propagate  against  the  axial  flow  i.e.  upwards,  while  the  downward 
propagating  ones  which  are  usually  not  visible  in  the  visualisation,  cause  little  disruption.  The  axial  flow  into  the  mixed 
layer  is  maintained  and  this  causes  a  wave  of  contraction  upwards  into  the  disturbed  region  which  reestablishes  the  axial 
flow. 


In  the  turbulent  system,  generation  of  waves  is  random  and  varying  in  amplitude  and  form  so  that  axisymmetric  and 
kink  waves  are  produced  simultaneously.  On  the  average  5  kink  or  helicoidai  waves  exist  on  a  vortex  in  the  system 
studied  by  HBG  and  from  a  re-examination  of  the  film  taken  by  HBG  it  is  clear  that  the  vortex  core  supports  at  least  an 
equal  number  of  axisymmetric  waves.  It  is  therefore  difficult  to  determine  the  cause  of  vortex  breakdown  in  the  interior 
of  the  fluid,  that  is,  further  away  from  the  mixed  layer.  What  seemed  to  HBG  a  clear  case  of  kink-wave  interaction  break¬ 
down  (their  Figure  16(a)  and  perhaps  16  (b))  may  actually  be  caused  by  nonlinear  interactions  of  different  types  of 
waves.  Hopefully,  future  theoretical  and  experimental  studies  will  help  to  clarify  the  cause  and  mechanisms  of  break¬ 
down  due  to  travelling  waves. 
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-Mills  paper  reports  recent  propress  In  vortex-control  applications  for  alleviating  the  adverse  conse- 
quences  of  three-dimensional  separation  and  vortical  Interactions  on  slender  body/swept  wing  conflgura- 
tlons.  Exaagiles  Include:  helical  separation  trip  to  alleviate  the  side  force  due  to  forebody  vortex 
asymmetry;  hinged  strakes  to  avoid  vortex  breakdoiei  effects;  coepartaentatlon  of  swept  leading-edge 
separation  to  delay  the  pitch-up  Instability;  under-wing  vortex  trip  and  vortex  flaps  for  drag  reduction 
at  high  lift;  and  an  apex-flap  trlmaer  to  fully  utilize  the  lift  capability  of  tralllng-edge  flaps  for 
take  off  and  landing  of  delta  wings.  Experimental  results  on  generic  wind-tunnel  models  are  presented 
to  Illustrate  the  vortex-management  concepts  Involved  and  to  Indicate  their  potential  for  enhancing  the 
subsonic  aerodynamics  of  supersonic-cruise  type  vehicles. 
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NOMENCIATURE 


Cl  Lift  coefficient 

C;  Rolling  moment  coefficient 

Cig  Lateral  stability  derivative,  3Cl/3B 


Pitching  i 


ent  coefficient 


Cn  Tawing  moment  coefficient 

CnB  Directional  stability  derivative,  3Cn/38 

Cp  Pressure  coefficient 


Cy  Side  force  coefficient 

Ct  Local  leading-edge  thrust  coefficient 

L/D  Llft-to-drag  ratio 

a  Angle  of  attack 

B  Angle  of  sideslip 

6  Control  deflection  angle 

n  Spared se  coordinate  normalized  by  semi-span 


1.  INTRODUCTION 

The  expanding  flight  and  maneuvering  envelopes  demanded  by  recent  tactical  aircraft  design  studies 
have  resulted  In  a  growing  awareness  of  the  need  to  understand  and  to  work  with  massive  three-dimensional 
separations  and  the  associated  vortical  flows.  Slender  bodies  and  highly-swept  wings  In  combination 
generate  a  kaleidoscope  of  complex  vortex  systems  through  the  angle  of  attack  range,  whose  Implications 
Increasingly  concern  the  configuration  aerodynamlclst.  Equally,  they  offer  an  unique  opportunity  for 
utilizing  the  energy  and  persistence  of  these  vortical  structures  In  Innovative  ways  to  engineer  the 
aerodynamic  characteristics  for  Improved  flight  capability  and  extended  operational  limits. 

This  paper  Is  a  progress  report  of  continuing  research  at  NASA  Langley  Research  Center,  aimed  at 
conceptualizing  practical  means  of  vortex-flow  manipulation  to  upgrade  the  subsonic  performance,  stability 
and  control  characteristics  of  the  new  generation  supersonic-cruise  tactical  aircraft.  Selected  examples 
from  recently  published  results  of  this  work  will  be  presented,  to  Indicate  the  broad  scope  of  the  problem 
areas  being  addressed  with  the  underlying  theme  of  re-structuring  a  problematical  separated  flow  condition 
through  artificially-generated  vortex  systems,  as  opposed  to  the  conventional  approach  of  suppressing  flow 
separation.  Only  the  basic  concepts  and  their  experimental  evaluation  can  be  discussed  within  the  present 
space  limitations;  additional  results  Indicating  the  scope  of  applications  of  the  concepts  can  be  found  In 
the  referenced  literature.  This  paper  complements  a  preceding  NASA  Langley  paper  (ref.  1). 

2.  HELICAL  TRIPS 

The  onset  of  asyanetry  In  the  forebody  vortices  at  high  angles  of  attack  produces  an  abrupt  side  force 
(and  yawing  maaent)  which  can  be  highly  adverse  to  the  aircraft  handling  characteristics  at  maneuvering 
limits.  This  asyametry  Is  believed  to  arise  from  an  unstable  Interaction  between  the  counter-rotating 
primary  vortices  when  they  are  In  close  proximity  to  each  other,  but  away  from  a  solid  boundary,  while 
research  continues  for  a  better  understanding  of  the  basic  fluid  mechanism  Involved  and  to  predict  the 
onset  and  magnitude  of  side  force,  It  Is  of  Interest  to  devise  practical  means  to  eliminate  or  control 
the  phenomenon  which  can  be  a  limiting  factor  In  high-alpha  maneuvering  of  aircraft  and  missiles.  A 
passive,  add-on  device  Is  preferred  which  will  alleviate  the  side  force  on  any  given  forebody  shape  without 
Inducing  undesirable  side  effects  on  performance  or  stability.  The  well  known  nose  strakes  generate 
vortex  system  of  their  owi  irfilch,  In  a  manner  not  yet  fully  understood,  force  the  forebody  wake  to  remain 
symmetrical  to  higher  angles  of  attack.  However,  experience  with  nose  strakes  shows  that  their  effective¬ 
ness  Is  highly  dependent  on  the  forebody  shape  and  therefore  a  trial -and-error  development  of  the  optimum 
stroke  Is  required  for  every  new  application;  they  also  frequently  produce  adverse  changes  In  the  lateral- 
directional  characteristics  at  high  angles  of  attack.  Nose-radome  mounted  strakes  In  addition  are  likely 
to  Interfere  with  redar  performance.  Nevertheless,  the  low  dreg  penalty  and  ease  of  Installation  are 
positive  advantages  that  motivate  the  search  for  more  universally  applicable  forms  of  nose  strokes, which 
are  also  free  of  the  adverse  side  effects  mentioned  above. 
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The  helical-trip  device  (fig.  1)  represents  an  approach  that  Is  conceptually  different  from  the 
conventional  strakes:  It  seeks  to  prevent  the  formation  of  a  coherent  vortex  pair  from  forebody  separa¬ 
tion  and  thus  to  eliminate  the  possibility  of  asyemetry  altogether.  The  means  adopted  for  this  purpose 
was  suggested  by  the  mechanism  of  suppression  of  the  alternate  vortex  shedding  from  cylinders  In  cross- 
flow,  ref.  2  .  The  helical  trips  were  accordingly  devised  to  force  separation  at  varying  peripheral 
locations  along  the  forebody  length  to  generate  a  non-uniform  feeding  sheet  and  thereby  lupeae  the  roll -up 
Into  concentrated  vortex  cores,  while  maintaining  a  "mirror-image*  symmetry  of  trips  with  respect  to  the 
pitch  plane  to  avoid  any  direct  trip-induced  side  force.  The  selected  helix  orientation  placed  the  trip 
nearly  transverse  to  the  boundary- layer  flow  at  high  angles  of  attack,  thus  making  It  more  effective  In 
provoking  separation. 

The  concept  was  evaluated  on  a  series  of  wind-tunnel  force  models  ranging  from  basic  axl-symnetric 
bodies  (cone-  and  ogive-cylinders),  through  fuselage  shapes  with  vertical  and  horizontal  oval  cross- 
section,  to  wing/fuselage/tall  combinations  representing  a  generic  fighter  configuration  (ref.  3).  The 
results  shown  In  fig.  2  are  supportive  of  the  helical  trip  concept: 

1)  straight  side-trips  (B)  do  not  appreciably  change  the  basic  fuselage  side  force 
characteristics  (A); 

11)  helical  trips  (C),  made  from  the  same  wire  material  as  (B),  suppress  the  side  force 
up  to  the  highest  alpha; 

111)  Inverted  helical  trips  (D),  obtained  by  rolling  the  forebody  through  180°,  totally 

lose  their  capability  (since  they  are  now  approximately  parallel  to  the  boundary  layer 
flow); 

1v)  truncated  helical  trips  (E),  possibly  to  further  reduce  radar  Interference,  basically 
remain  effective;  and 

v)  50-percent  reduction  in  helical  trip  diameter  (F)  does  not  degrade  the  trip  capability 
until  approaching  the  highest  alpha. 

Since  the  trip  height  will  be  scaled  with  the  boundary-layer  thickness.  In  full-scale  applications  the 
relative  trip  size  will  be  much  smaller  than  the  size  tested  on  the  wind  tunnel  models.  It  Is  noteworthy 
that  on  all  the  test  bodies,  the  very  first  helical  trip  application  was  effective,  no  subsequent  adjust¬ 
ment  being  required  of  the  Initial  trajectory  shape  used.  This  lack  of  sensitivity  to  the  trajectory  shape 
Is  consistent  with  the  helical-trip  hypothesis,  apart  from  being  an  advantage  In  practical  applications. 

Helical  trips  were  further  evaluated  during  a  NASA  Langley  study  of  forebody  shape  effects  on  the 
lateral/directional  as  well  as  longitudinal  stability  at  high  angles  of  attack  of  a  contemporary  fighter 
configuration  with  extended  forebody  (ref.  4).  The  helical-trip  effectiveness  results  presented  In  fig.  3 
show  that  the  high-alpha  yawing  moments  were  alleviated  generally  without  degrading  the  lateral-directional 
stability  characteristics.  A  further  consideration  (ref.  4)  was  the  yaw-induced  pitching  moment  during 
high-alpha  maneuver  when  the  pitch-down  authority  Of  the  longitudinal  controls  may  become  marginal.  A 
direct  comparison  of  conventional  nose-strakes  and  helical  trips  (fig.  4)  shows  that  whereas  the  addition 
of  strakes  results  In  an  adverse  nose-up  moment  in  sideslip,  helical  trips  actually  produce  a  favorable 
trend  relative  to  the  "clean"  forebody.  These  results  serve  to  emphasize  the  basic  difference  between 
the  two  devices:  the  helical  trips  achieve  side-force  suppression  by  disrupting  the  forebody  vortices 
thus  avoiding  the  undesirable  vortex-triggered  side  effects,  as  opposed  to  vortex  Intensification  by  the 
conventional  nose  strakes. 

3.  HINGED  STRAKES 

Wing  strakes  are  highly-swept  root  extensions  of  the  leading-edge  whose  function  Is  to  generate 
j  strong  vortices  at  high  angles  of  attack  In  order  to  re-energlze  the  stalling  flow  over  the  wing  and  there¬ 

by  improve  the  maximum-lift  capability.  The  strake  vortices  generally  have  sufficient  lateral  separation 
to  preclude  the  unstable  mutual  Interaction  associated  with  forobody  vortices;  however,  they  individu¬ 
ally  are  subject  to  the  well-known  breakdown  phenomenon.  When  vortex  breakdown  occurs  over  the  wing,  an 
abrupt  loss  of  Its  beneficial  Influence  leads  to  stall,  pitch-up  and  roll/yaw  disturbances.  Being  a  dynamic 
phenomenon,  vortex  breakdown  also  Instigates  buffet  and  associated  undesirable  notions  such  as  wing  rock, 
nosesllce  etc.  The  expansion  of  wing  wake  following  stt'.tke  vortex  breakdown  degrades  the  effectiveness  of 
aft-tall  surfaces,  and  may  result  In  serious  loss  of  controllability.  Automatic  limitation  of  the  angle  of 
attack  envelope  In  order  to  stay  below  the  vortex-breakdown  boundary  restricts  the  maneuver  potential  of 
the. vehicle  and  Is  not  a  preferred  solution.  The  hlnged-strake  concept  was  devised  as  a  means  to  suppress 
the  strake  vortices  and  thus  to  eliminate  the  vortex-breakdown  boundary  altogether;  In  addition,  articula¬ 
ted  strakes  offered  the  possibility  of  Improving  post-stall  maneuverability  when  the  control  power  of 
conventional  surfaces  has  degraded. 

2  The  hinged  strakes,  structurally  separate  from  the  wing,  are  attached  to  the  fuselage  through  longl- 

,  tudlnal  hinges  (fig.  5).  In  the  normal  co-planar  position  the  strakes  function  conventionally.  At  high 

angles  of  attack  approaching  vortex  breakdown,  however,  they  may  be  rotated  downwards  to  an  anhedral  angle. 
4  Increasing  anhedral  not  only  decreases  the  strake  projected  plenform  area  but  also  the  normal  force  coef¬ 

ficient  by  reducing  both  the  linear  and  the  non-linear  contributions  (ref.  5),  thus  providing  an  effective 
control  over  the  strake  loading  as  well  as  on  its  vortex  characteristics.  Examples  of  strake  anhedral 
t  effects  on  the  high-alpha  aerodynamics  of  a  generic  fighter  configuration  (fig.  6)  will  be  presented  through 

som  results  of  a  low-subsonic  wind  tunnel  study  (ref.  7).  In  order  to  highlight  the  anhedral  effects, 
relatively  large  strakes  (of  exposed  area  •  26. 6t  of  wing  reference  area)  were  selected  for  this  Investiga¬ 
tion. 

The  lift  and  pitching-moment  characteristics  of  the  wing/fusel  age/vertical  fin  configuration  (without 
a  horizontal  tail)  having  strakes  at  30  deg.  anhedral  are  shown  In  fig.  7,  In  comparison  with  planar  strake 
data  (ref.  6).  The  onset  of  vortex  breekdowi  with  the  planar  strake  Is  evidenced  by  a  peaking  of  Cl  accom¬ 
panied  by  plteh-up  and  lateral/directional  disturbances  as  the  angle  of  attack  approaches  30  degrees. 

These  vortex  breakdown  effects  can  be  seen  to  be  greatly  alleviated  with  the  anhedral  strakes.  Suppression 
of  vortices  coupled  with  the  reduced  projected  area  of  anhedral  strakes  Inevitably  penalizes  the  maximum 
lift  relative  to  planar  strokes  of  equal  surface  area.  However,  when  compared  with  data  for  planar  strakes 
of  SMilor  l.e.  16. St  area  (ref.  6)  where  oltch-uo  limits  the  usable  Ci  to  1.2  aoorax.  (at  «  ■  19  mo.l. 
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the  anhedral  strikes  ere  seen  es  in  Improvaaent  with  e  maximum  Cl  of  1.5  (it  a  -  <2  deg.)  free  of  pitch- 
up.  Thus,  hlnged-strekes  of  suitably  Increised  site  In  in  enhednl  setting  cm  iU<*<  high-alpha  milieu  - 
verlng  free  of  vortex  breakdown  problem  ind  without  secrlflclng  the  maxim*  lift  capability  of  the 
conventlonel  fixed  strikes. 

The  plinir-strike  vortex  effects  ilso  ciuse  non-llneirlty  In  the  restoring  moment  chericterlstlcs  of 
the  horlzontil  till,  is  Indlcited  In  fig.  8.  In  the  low-ilphi  nnge,  iddltlon  of  pliner  strikes  to  the 
strike-off  conflguntlon  reduces  the  horizontal-tall  effectiveness  due  to  Increised  dowMish  behind  the 
wing.  Vortex  breikdown  md  associated  reduction  In  the  downwish  then  leids  to  a  rapid  Increase  In 
slope  around  a  ■  30  degrees.  An  absence  of  this  non-linearity  In  the  hinged-strike  data,  Milch  closely 
duplicates  the  strike-off  characteristics,  Is  further  evidence  of  vortex  suppression  due  to  strike  anhedral . 
As  a  result,  up  to  50X  Increase  In  horizontal-tall  effectiveness  Is  obtained  In  the  eld-alpha  range  by 
deploying  anhedral  rather  than  planar  strikes. 

Effective  pitch-down  capability  Is  laportint  for  a  positive  and  rapid  recovery  froe  extreee  nose-high 
attitudes  during  post-stall  eaneuverlng,  an  area  where  aft-tall  pitch  controls  are  usually  found  lacking 
due  to  wake  effects.  On  the  other  hand,  the  strike  loading  not  only  continues  to  Increase  to  high  angles 
of  attack  but  also  acts  well  forward  of  the  aircraft  c.g.  Consequently,  the  use  of  hinged  strikes  for 
pitch  recovery  appears  worth  considering.  The  Incremental  nose-dowi  moment  due  to  symmetrically  articula¬ 
ted  strakes  at  30  deg.  and  45  deg.  anhedral  Is  shown  In  fig.  9,  together  with  strake-off  data  which  may  be 
supposed  to  represent  the  limiting  case  of  90  deg.  anhedral.  Also  shown  for  comparison  Is  the  result 
taken  from  ref.  8  for  an  aft-tall  fighter  configuration  with  maximum  nose-down  stabllator  deflection,  which 
displays  the  typical  loss  of  effectiveness  starting  at  a  *  25  deg.  Evidently  the  hinged  strakes  can  pro¬ 
vide  a  powerful  and  fully  controlled  nose-down  moment  for  recovery  from  very  high  angles  of  attack. 

Considering  now  the  asyemietrlc  articulation  mode,  e.g.  only  the  right-hand  strake  deflected,  a  posi¬ 
tive  rolling  moment  Is  obtained  due  to  the  larger  lift  on  the  left-wing  panel  which  Is  still  under  the 
Influence  of  the  planar-strake  vortex.  As  shown  In  fig.  10,  the  rolling  moment  coefficient  Increases 
quadratlcally  with  angle  of  attack  for  a  given  strake  deflection  until  the  onset  of  the  planar-strake 
vortex  breakdown,  l.e.  a  «  28°.  Up  to  this  angle  of  attack,  the  Induced  yawing  moment  (resulting  from 
the  forebody  side-force  generated  by  the  rlght-strake  deflection)  Is  favorable.  After  vortex  breakdown 
the  rolling  moment  rapidly  decreases  and  the  yawing  moment  becomes  adverse;  however  a  substantial  roll 
power  Is  still  available  at  high  angles  of  attack  In  comparison  with  the  conventional  ailerons.  Also 
shown  In  fig.  10  are  the  results  for  another  vortex-related  roll  control  concept  viz.  spanwlse  blowing 
on  one  wing  panel  (ref.  9).  Although  the  rolling  moment  characteristics  In  this  case  are  very  similar 
to  the  asymnetrically  deflected  hinged  strake,  the  Induced  yaw  unfortunately  Is  adverse  and  equal  In 
magnitude  to  the  rolling  moment  throughout  the  alpha  range. 

«.  1 COHPARTMEHTATIOH'  OF  SWEPT  LEADING-EDGE  SEPARATION 

The  predilection  for  early  separation  off  highly-swept  leading  edges  offers  a  rewarding  field  for 
the  application  of  vortex  flow  control  concepts.  From  the  onset  of  leading-edge  separation,  a  rapid  col¬ 
lapse  of  leading-edge  suction  with  Increasing  angle  of  attack  aggravates  the  lift-dependent  drag;  with  the 
progressive  Inboard  movement  of  leading-edge  vortices  the  tip  sections  lose  the  benefit  of  vortex  lift 
resulting  In  pitch  Instability,  which  Is  of  special  concern  In  relaxed  static  stability  applications  to 
tall-less  configurations. 

This  section  deals  with  a  leading-edge  'compartmentatlon'  concept  which  alms  to  restrain  the  Inboard 
spread  of  separation  by  means  of  fixed  leading-edge  devices.  The  swept  leading  edge  Is  divided  Into 
aerodynamical ly  Isolated  compartments,  each  having  attached  flow  at  Its  Inboard  end  Mille  the  growth  of 
leading-edge  separation  Is  confined  to  the  compartment  span.  Consequently,  at  a  given  angle  of  attack  the 
scale  of  separation  averaged  over  the  span  Is  reduced  In  comparison  with  the  original  wing.  At  the  same 
time,  the  vortex  migration  out  of  the  tip  region  Is  retarded  thus  Improving  the  tip  lift  characteristics. 
The  postulated  co^iartmentatlon  of  the  leading-edge  separation  Is  sketched  In  fig.  11. 

The  compartmentatlon  concept  wes  evaluated  In  low-subsonic  tests  on  60 -deg.  and  7«-deg.  delta  wing 
models.  The  leading-edge  devices  used  for  the  purpose  were  fences,  chordwlse  slots  and  pylon-type  vortex 
generators.  The  pressure-instrumented  leading  edge  on  the  60  deg.  delta  model  allowed  the  compartmentatlon 
effect  to  be  monitored  via  the  spanwlse  distribution  of  leading-edge  pressure  coefficient  (cP,l.e.)»  *! 
Illustrated  In  fig.  12.  With  the  basic  wing  leading  edge  substantially  separated  at  a  -  18.7  deg.,  the 
fence  as  well  as  the  slot  reduce  the  separation  outboard  of  their  location  as  Indicated  by  the  raised 
leading-edge  suction  levels,  the  fence  showing  a  stronger  effect  than  the  slot  at  this  high  angle  of 
attack.  Further  compartmentatlon  of  the  leading  edge  by  means  of  three  equally-spaced  slots  Is  shown  In 
fig.  13.  The  increased  average  leading-edge  suction  level  Am  to  multiple  compartssantatlon  results  In 
drag  reduction  above  a  •  11  degrees  (when  the  basic  wing  has  become  significantly  separated),  Milch  is 
reflected  In  the  L/D  comparison  of  fig.  14A.  At  a  given  Cl  however  the  L/D  Is  hardly  Improved  (fig.  14B), 
because  suppression  of  leading-edge  separation  also  reduces  the  vortex  lift,  which  must  be  compensated 
by  Increasing  the  angle  of  attack  resulting  In  a  drag  Increment.  This  Is  an  Intrinsic  limitation  on  the 
use  of  leading-edge  separation  control  Regardless  of  the  means  wployed)  for  L/D  Improvement  on  wings 
where  leading  edge  vortices  contribute  significantly  to  lift. 

The  second  purpose  of  coapartmentatlon,  l.e.  to  retard  the  Inboard  migration  of  the  leading-edge 
vortex,  Is  Illustrated  for  the  same  three-slot  configuration  In  fig.  IS,  which  plots  the  upper-surface 
pressure  coefficient  at  a  representative  tip  location  versus  angle  of  attack.  The  compartmentatlon  effect 
Increases  the  angle  of  attack  corresponding  to  the  vortex  passage  over  the  reference  point  (at  Identified 
by  the  -Cp  peak)  from  12.5  deg.  on  the  basic  wing  to  19.5  deg.  with  the  slots.  The  later  departure  of 
the  vortex  from  the  tips  Is  directly  reflected  In  a  delayed  pitch-up  observed  In  pitching  moment  charac¬ 
teristics,  fig.  15.  Additional  Information  and  daU  on  the  performance  of  other  slot  and  fence  arrange¬ 
ments  on  the  60-dag.  delu  model  will  be  found  In  refs.  10-12. 
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The  pylon-type  vortex  generator  (PVG)  resembles  a  scaled-down  pylon  projecting  down  and  forward 
from  the  leading  edge  (fig.  16).  This  arrangement  was  Intended  to  exploit  the  prevailing  sldewash  near 
the  swept  leading  edge  for  generating  a  streamwlse  vortex  off  the  top  edge  of  the  pylon,  the 
vortex  rotation  being  such  as  to  induce  a  downwash  on  the  outboard  side.  The  Increasing  sldewash  with 
angle  of  attack  Intensifies  the  vortex,  resulting  In  augmentation  of  downwash  which  will  tend  to  keep 
the  leading  edge  attached  adjacent  to  and  outboard  of  the  PVG  location  (fig.  17).  Thus  the  compartmenta- 
tlon  effect  should  be  maintained  to  high  angles  of  attack  when  the  previous  devices  (fence  and  slot) 
begin  to  fall. 

The  persistence  of  the  compartmentatlon  due  to  pylon  vortex  generators  may  be  judged  by  the  60  deg. 
delta  spanwlse  leading-edge  pressure  distribution  at  22.6  deg.  angle  of  attack  (the  maximum  of  the  test) 
with  three  equi-spaced  devices,  fig.  18,  In  comparison  with  a  three-slot  arrangement.  The  corresponding 
pitching-moment  characteristics,  fig.  19,  show  a  strong  stabilizing  Influence  due  to  the  vortex  genera¬ 
tors.  A  further  demonstration  of  the  pylon  effectiveness  In  improving  the  longitudinal  stability  of  74 
deg.  delta  wing  is  shown  In  fig.  20,  this  time  In  comparison  with  fences  (ref.  13).  It  should  be  stressed 
that  the  PVG  arrangements  employed  In  these  tests  were  by  no  means  optimum,  and  that  more  efficient 
spanwlse  locations  might  be  found  for  specific  planforms. 

5.  UNOERWING  VORTEX  TRIP 

While  compartmented-separatlon  is  found  to  be  an  effective  means  of  Improving  the  longitudinal  stabil¬ 
ity  of  highly-swept  configurations.  Its  potential  for  drag  reduction  at  high  angles  of  attack  may  be 
limited  on  thin,  small-radius  leading  edges  typical  of  supersonic  cruise  wings.  At  the  same  time,  the 
cruise  drag  penalty  of  multiple  fixed  devices  may  be  unacceptable.  Alternatively,  for  retractable  systems 
light  weight  and  short  travel  are  Important  considerations  to  allow  rapid  actuation  during  high-speed 
tactical  maneuvers.  These  requirements,  as  well  as  the  need  for  effective  leading-edge  thrust  capability 
on  thin  wings  to  high  angles  of  attack,  appear  to  be  met  by  the  underwing  vortex  trip,  fig.  21.  This 
flap-like  device  opens  to  create  a  forward-facing  cavity  under  the  leading  edge.  Forced  separation  at 
the  sharp  forward  edge  of  the  flap  feeds  a  spanwlse  spiralling  vortex  situated  at  the  mouth  of  the  cavity. 
The  vortex  suction  acting  over  the  cavity  frontal  area  produces  thrust  all  across  the  cavity  span.  An 
optimally  placed  vortex  will  Induce  the  outer  flow  to  turn  parallel  to  the  upper  surface  thus  remaining 
attached  on  the  wing,  regardless  of  the  leading-edge  radius.  The  adjustable  flap  will  allow  control  of 
the  vortex  position  as  a  function  of  angle  of  attack.  In  order  to  maximize  the  thrust  effectiveness  over 
the  alpha  range. 

For  simplicity  during  a  preliminary  investigation  of  the  concept,  the  underwing  vortex  trip  was  simu¬ 
lated  by  means  of  a  thin,  swept  flat  plate  secured  to  the  bottom  surface  of  the  60-deg  delta  model  (ref. 
10-12).  This  plate  projected  parallel  to  the  wing  plane  and  terminated  directly  below  the  leading  edge, 
leaving  a  gap  between  the  plate  and  the  wing  lower  surface  (see  sketch  in  fig.  22).  While  this  fixed 
geometry  restricted  the  scope  of  the  Investigation  to  a  single  (and  not  necessarily  optimum)  trip  position, 
the  results  still  are  of  Interest  as  they  reveal  the  mechanism  underlying  the  drag-reduction  capability  of 
the  concept. 

A  set  of  chordwlse  pressure  distributions  around  the  leading  edge  at  the  highest  angle  of  attack  of 
the  test  (l.e.  a  *  22.5  deg.)  presented  in  fig.  22  show  the  vortex-trip  Induced  suction  replacing  the 
positive  pressure  region  on  the  lower  surface  of  the  basic  wing  leading  edge  (shaded  area).  The  spanwlse 
distribution  of  the  local  thrust  coefficient  obtained  by  Integrating  these  pressure  distributions  show 
that  the  thrust  with  the  vortex  trip  Is  more  than  twice  that  on  the  basic  leading  edge,  fig.  23.  The 
effect  on  L/D  Is  shown  In  fig.  24,  which  also  Indicates  the  theoretical  boundaries  for  the  delta  wing 
assuming  100-percent  leading  edge  thrust  (fully-attached  flow)  and  0-percent  thrust  (fully-separated  vortex 
flow).  In  comparison  with  the  lower  boundary.  It  Is  seen  that  the  basic  wing  retains  a  fair  degree  of 
residual  thrust  even  after  separation  due  to  the  relatively  blunt  leading  edges  (see  fig.  23);  consequently 
the  L/D-Increment  due  to  the  vortex  trip  appears  rather  small.  However,  since  the  leading-edge  radius  is 
irrelevant  to  its  aerodynamic  mechanism,  the  vortex  trip  should  function  equally  well  under  a  sharp  leading 
edge  given  an  equivalent  frontal  area  of  the  cavity.  Therefore,  the  L/D-Increment  relative  to  the  zero- 
thrust  boundary  should  be  a  fairer  assessment  of  the  vortex-trip  capability.  While  the  present  results 
serve  to  verify  the  basic  hypothesis  of  the  concept,  further  studies  on  a  thin  wing  whlth  variable  trip 
deflection  will  provide  a  better  Indication  of  the  drag-reduction  potential  of  vortex  trips  at  high  lift 
coefficients. 

6.  VORTEX  FLAPS 

Unlike  the  conventional  leading-edge  flaps  for  maintaining  attached  flow  at  high  angles  of  attack, 
the  vortex  flap  Is  designed  to  operate  with  separation  on  Its  upper  surface.  When  employed  on  a  highly 
swept  wing  the  three-dimensional  separation  Is  stabilized  by  a  spanwlse-spl railing  vortex,  whose  concen¬ 
trated  suction  acting  on  the  forward-sloping  flap  surface  generates  a  thrust  component  (fig.  25).  While 
It  may  also  serve  In  the  conventional  sense  at  the  lower  angles  of  attack  (or  on  less-swept  leading  edges) 
where  attached  flow  Is  feasible,  the  unique  ability  of  the  vortex  flap  to  function  effectively  under  an 
organized  and  stable  separated  flow  renders  It  less  sensitive  to  off-design  conditions.  This  feature  Is 
particularly  advantageous  on  slender  wings  which  operate  through  a  large  angle-of-attack  range  and  have  a 
pronounced  spanwlse  variation  In  the  leading-edge  upwash.  In  addition,  the  vortex-induced  re-attachment 
at  or  near  the  hinge  line  helps  to  suppress  hinge-line  separation  which  can  be  a  limitation  with  the 
conventional  leading-edge  flaps. 

Since  the  first  experimental  demonstration  of  the  drag-reduction  potential  of  the  vortex  flap  concept 
(ref.  14),  a  sizeable  data  base  has  been  generated  (refs.  15-26).  In  this  section,  some  recent  results 
from  on-going  research  at  Langley  will  be  presented  to  support  a  discussion  of  area -efficient  vortex  flaps. 

Originally  conceived  for  use  on  supersonic  transports  to  allow  approach  and  landing  with  reduced 
engine  thrust  (for  airfield  noise  alleviation),  the  vortex  flap  was  to  be  deployed  (Kreuger  fashion)  from 


a  nested  position  on  the  Ming  under-surface,  l.e.  In  an  area-extending  node,  (fig,  2S).  Currently,  there 
Is  considerable  Interest  In  coabet  aircraft  applications  of  the  vortex  flap  to  Isprove  the  sustalned-g 
performance  In  high-speed  Maneuver.  For  such  applications  a  rapid-deflection  capability  as  ulth  the  con¬ 
ventional  leading-edge  flaps  would  obviously  be  aore  desirable.  However,  the  Integration  of  vortex  flaps 
with  their  relatively  large  chord  is  structurally  difficult  within  a  slender  wing  planfora  and  also  leads 
to  an  aerodynamic  performance  penalty.  As  an  Illustration  of  the  aerodynamic  problem,  two  sets  of  l/D  re¬ 
sults  with  vortex  flaps  of  nearly  equal  area  and  at  30  deg.  deflection  on  a  74  deg.  delta  wing  are  compared 
In  fig.  26:  one  pertaining  to  ‘extending*  flaps  where  the  basic  wing  reference  area  (i.e.  excluding  flaps) 
Is  used  (ref.  14),  and  the  other  for  ‘Integral*  flaps  where  the  reference  area  Includes  the  flaps  (un¬ 
published  Langley  data).  Although  In  both  cases  the  vortex  flaps  generated  nearly  the  same  aerodynamic 
thrust  (as  confirmed  by  their  axial  force  characteristics,  not  shown),  the  I/O  Increments  are  far  less  In 
the  'Integral*  case.  This  Is  because  for  a  given  lift  coefficient,  say  Ct  ■  O.S,  a  higher  angle  of  attack 
is  needed  with  integral  flaps  (viz.  16.5  deg.  versus  14.6  deg.  for  extending  flaps),  and  the  consequent 
drag  Increase  significantly  penalizes  the  L/D  laprovmaent.  Although  trading  vortex  lift  for  thrust  Is 
central  to  the  vortex  flap  concept,  with  Integral  flaps  not  only  the  vortex  lift  but  also  same  linear 
lift  Is  lost  on  slender  wings  (ref.  5),  whereas  the  additional  area  provided  by  extending  flaps  is  able 
to  largely  condensate  for  the  loss  of  linear  lift. 

The  above  example  serves  to  emphasize  the  Importance  of  reducing  the  Integral  vortex  flap  area  with¬ 
out  unduly  sacrificing  Its  thrust,  for  obtaining  useful  L/D  Improvements.  The  possibilities  In  this 
regard  are  suggested  by  the  spanwlse  variation  in  flap  thrust  contribution  as  determined  by  the  vortex 
development.  A  typical  case  Is  Illustrated  In  fig.  27,  where  the  upper-surface  pressure  distributions  at 
five  spanwlse  stations  on  the  74  deg.  delta  wing  are  used  to  Infer  the  local  aerodynamic  loading  and  the 
associated  flow  patterns.  Flap  deflection  Is  seen  to  lower  the  suction  level  Inboard  of  the  hinge  line 
well  below  the  planar  wing  levels  throughout  the  span,  which  coupled  with  the  smaller  effective  wing 
area  is  responsible  for  a  marked  lift  reduction.  The  varying  average  suction  level  on  the  flap  upper 
surface  indicates  a  wide-ranging  thrust  effectiveness  at  the  different  stations.  In  particular,  at 
station  (A)  a  largely  attached  flow  Is  obtained  Inboard  of  a  localized  leading-edge  vortex  (which  lies 
just  outside  the  first  pressure  tap),  thus  the  flap  chord  here  contributes  negligible  thrust.  The  flap 
utilization  Is  Improved  considerably,  however,  at  stations  (B)  and  (C)  where  the  vortex  has  expanded  to 
nearly  natch  the  flap  chord.  Thereafter,  continued  vortex  enlargement  progressively  drives  the  peak 
suction  and  the  re-attachment  Inboard  across  the  hinge  line,  stations  (D)  and  (F)  Indicating  successive 
reductions  of  the  flap  thrust  as  well  as  Increasing  drag  due  to  spreading  of  the  vortex  suction  foot-print 
onto  the  wing.  A  planvlew  projection  of  the  suction  peak  and  re-attachment  positions  Inferred  from  the 
upper-surface  pressure  distributions  In  fig.  27  graphically  presents  the  vortex  track  and  Its  expansion 
down  the  wing.  A  large,  obviously  unproductive  region  of  this  flap  (shaded  area)  may  be  eliminated  by 
means  of  a  gothic-shaped  apex.  Further,  by  a  suitable  re-structuring  of  the  vortex  to  delay  Its  Inboard 
migration,  the  thrust  contribution  of  the  outer  regions  of  the  flap  may  be  Improved. 


A  preliminary  trial  of  the  above  qualitative  Ideas  was  Included  In  a  recent  Langley  test  program, 

(ref.  24),  using  a  58  deg.  delta  wing/fuselage  model  originally  fitted  with  a  constant-chord  vortex  flap 
(fig.  28.  A),  which  also  shows  the  successive  modifications  of  the  original  flap.  The  corresponding  L/D 
characteristics,  fig.  28,  8  attest  to  the  Improvements  accompanying  the  flap  modifications  (at  a  constant 
deflection  of  40  deg.).  A  relatively  small  alteration  of  the  apex  from  Its  original  low-sweep  to  the 
gothic  shape  Improves  the  vortex  Initiation  and  renders  the  apex  region  more  thrust  effective,  leading  to 
a  striking  Increase  In  L/D  up  to  Cl  *  0.6.  Introduction  of  a  snag  was  Intended  to  arrest  the  flap  vortex 
at  a  part-span  discontinuity  and.  with  the  help  of  a  counter-rotating  snag  vortex,  to  retard  Its  Inboard 
migration.  At  the  same  time,  the  flap  chord  Inboard  Of  the  snag  was  substantially  reduced  to  match  the 
much  smaller  vortex  In  this  region.  These  modifications  to  the  flap  shape  further  Improved  the  L/D  up  to 
Cl  •  0.6.  An  alternative  approach  (to  the  snag)  considered  for  maintaining  the  thrust  effectiveness  of 
outboard  flap  region  was  to  strengthen  the  vortex  feeding  sheet  at  a  part-span  position  by  a  local  sweep 
reduction,  which  was  simply  obtained  by  removing  the  snag.  The  results  show  that  the  L/C  Improvement  at 
higher  lift  coefficients  was  retained  with  the  final  shape,  while  achieving  a  25*  flap  area  reduction 
relative  to  the  original  constant-chord  flap.  The  pitching-moment  characteristics  (fig.  28,  C)  associated 
with  these  flap  modifications  for  L/0  Improvement  show  simultaneous  benefits  In  the  longitudinal  stability, 
which  Is  an  equally  Important  consideration  In  maneuvering  applications. 

At  this  writing,  an  aggressive  program  to  explore  further  refinements  of  the  basic  vortex  flap  con¬ 
cept  (refs.  25.  26)  and  to  develop  design  tools  Is  In  progress  at  NASA  Langley  and  within  the  Industry, 
and  It  Is  likely  that  the  next  generation  tactical  aircraft  designs  will  utilize  advanced  forms  of  leading 
edge  vortex  manipulation  concepts. 

7.  APEX  FLAP 

The  restriction  on  angle  of  attack  to  ensure  adequate  forward  view  as  wall  as  to  avoid  tall  scraping 
on  slander  wing  aircraft,  denies  access  to  the  non-linear  lift  and  consequently  limits  the  lift  capability 
Airing  take  off  and  landing.  The  lift  contribution  of  trailing  edge  flaps  on  such  aircraft  also  Is  gener¬ 
ally  limited  by  the  available  trim  power,  particularly  on  tail-leas  configurations.  Au gaantatlon  of  the 
trim  capability  by  using  canard  surfaces  must  accept  a  supersonic  drag  penalty:  on  the  other  hand,  retract¬ 
able  canard  devices  are  mechanically  complex  and  cannot  usually  be  deployed  during  high  spend  maneuvering. 

Lift  enhancement  on  highly  raept  wings  at  low  angles^of  attack^  means  of  forcod  vortices  has  been 


considered,  two  such  concepts  being  taw 

these 


the  inverted  vortex  flap  (ref. 


the  i 


vortex  flap  (ref.  25), 


fig.  29.  Hind  tunnel  tests  with  these  devices  Indicate  s  lift- Increment  patent la? 'ef  oCl  *  O.Ot  an  a  74- 
deg.  delta  wtngj  even  this  aadest  lift  increase  requires  quite  large  vortex  generating  flaps,  approaching 
251  of  the  wing  area.  Apert  from  practical  considerations,  these  lores  flaps  produce  drag  levels  that  any 
be  excessive  during  take  off. 

This  section  discusses  on  apex  flap  concept  for  delta  wings  which  alas  relief  ae  forced  vortices, 
fig.  29.  The  apex  flap  however  la  let  ended  primarily  as  •  centrallahla  lifting  trt—r  (like  •  canard)  to 
permit  the  fill  utilization  of  tr  i ling-edge  flip  potential  «t  lew  angles  ef  attack.  The  undefl acted 
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apex  flap  becomes  an  undfstingulshable  part  of  the  high-speed  wing  configuration  and  therefore  Incurs  no 
cruise-drag  penalty.  Since  the  apex  flap  generates  a  large  amount  of  vortex  lift  well  forward  of  the 
center  of  gravity,  a  relatively  small  flap  area  (viz.  10%  or  less  of  the  wing)  can  provide  a  powerful 
trim  effect,  In  addition  to  Its  own  direct  lift.  The  possibility  of  obtaining  some  additional  lift  from 
the  Induced  suction  of  the  apex  vortices  passing  over  the  main  wing  surface  lends  further  Interest  to  apex 
flap  concept. 

A  basic  study  was  performed  on  a  74  deg.  flat-plate  delta  wing.  Incorporating  a  transverse  hinge  line 
at  25%  center  chord  to  obtain  a  6%  area  apex  flap  and  also  tralling-edge  flaps  of  comparable  area  (ref.  27) 
Flow  visualizations  revealed  three  basic  vortex-patterns  as  sketched  In  fig.  30  In  the  order  of  Increasing 
angle  of  attack  with  constant  apex  flap  deflection:  most  frequently  encountered  was  the  'merged'  vortex 
pattern,  probably  due  to  the  high  leading-edge  sweep  of  the  subject  wing. 

The  apex-flap  trim  capability  Is  Indicated  by  comparing  the  opposing  pitching-moment  Increments  gen¬ 
erated  by  the  apex  and  the  tralling-edge  flaps,  fig.  31,  according  to  which  an  almost-trimmed  condition 
Is  achieved  fortuitously  with  equal  deflections  of  the  two  flaps  up  to  a  *  20  degrees.  The  trlmmed-lift 
curve  generated  by  the  20  deg/20  deg.  flap  combination  (fig.  32)  allows  a  4  deg.  reduction  In  angle  of 
attack  (or  a  aCL  -  0.12)  relative  to  the  planar  wing.  As  shown  In  fig.  32,  this  triraned  configuration 
Incurs  no  L/D  penalty  at  Cl  >  0.S  In  comparison  with  the  planar  wing. 

Above  20  deg.  deflection  the  tralling-edge  flap  aCm  curve  (fig.  31)  Indicates  a  progressive  loss  of 
its  effectiveness  (due  to  extensive  flow  separtlon  on  the  flap  as  confirmed  by  oil  flow),  whereas  the 
apex-flap  moment  increment  continues  unabated  to  nearly  30  deg.  deflection.  Thus,  the  trlmned-lift  In¬ 
crement  shown  In  fig.  32  Is  limited  not  by  the  apex  flap  but  rather  the  tralling-edge  flap.  The  excess 
trim  capability  of  the  apex  flap  might  therefore  be  further  exploited  for  Instance,  by  controlling  the 
trailing  edge  flap  separation  and  thus  extending  Its  effectiveness  to  higher  deflection  angles.  A  poten¬ 
tial  flow  calculation  of  the  tralling-edge  flap  characteristics  gives  the  upper-limit  of  Improvement  If 
attached  flow  were  maintained  up  to  6  *  30  deg.,  fig.  33.  The  corresponding  Cl  (trim)  curve,  using  apex- 
flap  experimental  6 Cm  data,  then  Indicates  a  substantial  Improvement  at  low  alpha,  fig.  34. 

The  apex  flap  lift  coefficient  based  on  apex  area,  deduced  from  the  measured  axial-force  Increment 
due  to  flap  deflection,  at  various  deflection  angles  Is  plotted  versus  the  apex  angle  of  attack  relative 
to  free  stream  (a  +  6)  In  fig.  35.  For  comparison,  lift  data  for  a  74  deg.  delta  wing  (ref.  28)  Is  also 
given,  which  shows  the  vortex  breakdown  effect  at  a  ■  35  deg.  Contrary  to  the  expectation  of  an  earlier 
vortex  breakdown  at  the  hinge  line,  the  apex  lift  curves  do  not  Indicate  any  evidence  of  it  even  with  the 
(a  +  6)  approaching  60  degrees.  Smoke  visualizations  of  the  apex  vortices  in  the  hinge-line  plane  also 
did  not  show  the  typical  characteristics  associated  with  vortex  breakdown  up  to  the  extreme  apex  flap 
deflection  and  angle  of  attack.  A  satisfactory  explanation  of  this  observation  is  lacking;  however,  the 
sustained  aerodynamic  effectiveness  of  the  apex  flap  makes  It  a  potentially  powerful  control  surface  for 
high  alpha  applications.  As  such,  further  investigation  of  the  concept  and  Its  Integration  Into  fuselage- 
wing  configurations  appears  worth  pursuing. 

8.  CONCLUDING  REMARKS 

A  number  of  vortex-control  devices  were  conceptualized  and  Investigated  experimentally  as  possible 
solutions  to  a  range  of  high-alpha  aerodynamic  problems  of  slender  and  highly-swept  configurations. 
Specifically,  forebody  side  force  triggered  by  vortex  asymmetry,  post-stall  maneuvering  limitations  due 
to  strake  vortex  breakdown,  pitch-up  resulting  from  the  migration  of  leading-edge  vortices  away  from  the 
tips,  excessive  lift-dependent  drag  due  to  loss  of  leading-edge  suction  and  vortex  lift,  and  lift  limita¬ 
tion  at  take  off  and  landing  were  addressed.  In  each  case  a  practical  approach  was  demonstrated  for  vor¬ 
tex  manipulation  to  eliminate  the  problem  or  to  reduce  Its  severity.  While  the  devices  described  In  this 
paper  are  Interesting  In  themselves,  the  experience  of  formulating  certain  hypotheses  relating  to  vortex 
behaviour  and  putting  them  to  test  has  proved  valuable  towards  refining  our  Insights  Into  the  relatively 
new  field  of  vortex  aerodynamics. 
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Fig.  1.  Helical  trip  concept 


Fig.  2.  Basic  fuselage  side  force  charac¬ 
teristics  with  helical  and  modified 
trips 
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Fig.  3.  Helical  trip  effectiveness  on  a 
fighter  configuration  (ref.  4) 


Fig.  4.  Helical -trip  and  nose-strake  effects 
on  si deslip- Induced  pitching  moment 
(fighter  configuration,  ref.  4) 


Fig.  5.  Hinged  strakes,  shown  In  a  hypothe¬ 
tical  Installation 
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Fig.  11.  'Compartmentatlon'  of  swept  leading 
edge  separation 


Fig.  12.  Spanwlse  leading-edge  pressure 

distribution  with  a  slot  or  a  fence 


Fig.  13.  Spanwlse  leading-edge  pressure  dis¬ 
tribution  with  three  slots 


Fig.  14.  Lift/drag  ratio  improvement  with 
three  slots 


Fig.  IS. 


Effect  of  three  slots  on  upper-surface  static 
pitching  moment  characteristics 


pressure  In  tip  region,  and  resulting 
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Fig.  23.  Local  leading-edge  thrust  distri¬ 
bution  at  highest  angle  of  attack 
showing  effect  of  vortex  trip 


Fig.  24.  Lift/drag  ratio  improvement  due  to 
vortex  trip  on  60-deg.  delta 
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Fig.  30.  Observed  vortex  patterns  with  deflected 
apex  flap 


Fig.  31.  Pitching-moment  Increments  due  to 
apex  flap  and  trail ing-edge  flap 


FI9.  34.  Possible  trlmmed-llft  Increase 
with  apex  flap  and  unseparated 
tralllng-edfe  flap 


Fig.  33.  Possible  additional  lift  by  maintaining 
attached  flow  on  trail Ing-edge  flap 
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fl9.  35.  Apex  flap  lift  characteristics 
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THE  EFFECTS  OF  WING  TIP  DEVICES  OK 

(a)  THE  PERFORMANCE  OF  THE  BA*  JETSTREAM 

(b)  THE  PAR-FIELD  WAKE  OF  A  PARIS  AIRCRAFT 
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The  first  part  of  this  joint  paper  dlscuases  the  techniques  used  In  the 
design  and  triad  tunnel  testing  of  wlnglets  and  wing  tip  sails  for  a  node!  of 
the  BAe  Jetstream.  An  analytical  design  procedure  for  the  wlnglats  and  an 
empirical  one  for  the  sails  are  compared.  The  wind tunnel  tests  highlight  not 
only  the  problems  of  trying  to  measure  snail  drag  changes,  but  also  the 
difficulties  and  dangers  of  low  Reynolds  number  tests  associated  with  small 
tip  devices.  The  results  show  that  significant  reductions  in  drag  can  be 
achieved  with  these  devices  and  their  relative  merits  are  discussed. 

The  second  part  describes  flight  tests  made  with  an  Instrumented 
Jetstream  aircraft  flying  across  the  wake  of  a  Paris  aircraft  with  and 
without  sails  mounted  from  Its  tip  tanks.  Vertical  velocities  and  normal 
accelerations  were  measured  in  the  wake  of  the  Paris  at  various  distances 
behind  It.  The  results  show  that  when  sails  are  fitted  the  peak  disturbances 
which  occur  400m  to  700m  behind  the  aircraft  are  reduced  significantly. 
However,  sails  seem  to  reduce  the  rate  of  decay  of  the  vortices  in  the 
farfleld  and  at  distances  greater  than  700m.  Larger  disturbances  were 
measurad  with  the  sails  fitted,  although  these  were  small  compared  to  the 
peak  values. 
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SYMBOLS  USED 


Ck  Lift  coefficient 
C Li  Local  lift  coefficient 
«x  Incidence 


l  INWODOC  ,’ION. 

"  4  The  formation  of  s  strong  tip  vortex  has  an  undesirable  effect  on  the  drag  of  a  lifting  surface. 
Firstly,  It  Induces  a  strong  dovnwssh  field  locally  which  Increases  the  vortex  drag  and  secondly 
Introduces  a  strong  cross  flow  around  the  tip  causing  separation  on  the  top  surface.  Tip  devices  seek  to 
remove  these  effects.  Sails  unwind  the  tip  vorte*  and  In  doing  so  experience  a  thrust,  like  stators 
behind  a  fan.  Their  nose  to  tall  arrangement  gives  them  the  ability  to  carry  high  lift  coefficients.  In 
the  maimer  of  cascades  or  slotted  aerofoils.  Wlnglets,  or  tip  fins  attenuate  the  tip  vortex  by 
dissipating  the  shed  vortlclty  along  their  length,  thereby  reducing  the  downwash  Induced  at  the  wing  tip 
region,  -v 

Slmllat  effects  are  attainable  with  wing  tip  extensions  but  the  advantage  of  wlnglets  and  sails  la 
that  the  djbag  reduction,  for  a  given  Increase  In  wing  root  bending  moment.  Is  greater.  This  Is  because 
wlnglets  /ad  sails  utilise  the  sldewash  effectively.  In  addition  the  extra  loading  due  to  a  wlnglet 
configuration  Is  primarily  a  side  force  and  the  bending  moment  lacreasa  due  to  sails  can  be  controlled 
by  their  Incidence.  Over  the  majority  of  the  Incidence  range  tip  devices  which  extend  the  span  will 
Increase  wing  root  bending  moment.  There  Is  Little  prospect  for  reducing  thLs  by  cropping  the  wings  on 
ah  existing  aircraft  as  this  would  generally  encroach  upon  the  area  already  occupied  by  the  aileron.  Tip 
devices  tend  to  be  viewed  with  scepticism  since  in  general  any  addition  to  an  aircraft  can  be  expected 
to  Increase  the  drag.  This  la  Indeed  true  for  tip  devices  at  low  lift  coefficients,  but  because  they 
keduce  the  lift  dependent  drag,  the  overall  drag  IS  reduced  at  higher  incidence. 

In  order  to  assess  these  effects,  it  was  proposed  that  «  l/10th  scale  model  of  a  BAe  Jetstream 
(Figure  1)  should  be  tested  at  Cranftsld  Institute  of  Technology  in  the  8'  x  6'  low  speed  wind  tunnel 
with  sails  and  wlnglets.  The  first  objective  of  the  tests  was  to  demonstrate  s  measurable  drag  reduction 
for  a  Jetstream  fitted  with  tip  devices  over  the  range  of  operational  lift  coef f Iclents.  The  second 
objective  was  to  estimate  the  Increeae  la  wing  root  bending  moment  due  to  either  device  In  order  to 
compare  their  relative  merits  with  simple  tip  extensions.  In  the  past  this  had  been  done  with  wing  only 
half  models  with  encouraging  reaulta,  but  an  estimate  for  the  complete  aircraft  configuration  was  highly 
desirable. 

2.  MODEL  AND  TUNNEL 


A  l/10th  scale  model  of  the  British  Aerospace  Jetstream  shown  In  Figure  2  was  modified  to  allow  the 
wing  tips  to  be  fitted  with  wlnglets,  sails  or  normal  tips.  Whilst  the  full  scale  aircraft  can  only  be 
changed  outboard  of  the  aileron  if  a  major  redesign  of  the  wing  and  control  system  la  to  be  avoided,  the 
wooden  model  required  a  break  joint  further  Inboard  to  obtain  an  adequately  strong  Joint.  Dots l Is  of  the 
joint  position  ars  given  In  the  drawing  of  the  standard  tip  fitting  shown  In  Figure  J.  The  bress 
junction  plates  were  contoursd  to  the  locel  wing  section  and  screwed  onto  the  tip  of  the  mein  pert  of 
the  model,  the  standard  tips  sach  sx tended  33mm  beyond  their  breek  joints  giving  the  model  an  overall 
span  of  1.363m  and  a  wing  plan  area  of  0.2308na  •  figure  4  shows  an  alternative  tip  with  an  eod  body  of 
revolution  shoes  diameter  was  equal  to  the  maximum  thickness  of  the  local  aactlon.  This  body  was  mounted 
such  that  Its  centreline  was  parallel  to  the  fuselage  centreline  in  plan  view  and  co-axial  with  the  wing 
tip  chord  line  when  viewed  from  wing  tip  to  root,  four  small  sails  either  of  symmetrical  untwisted  or  of 
cambered  and  twisted  form  could  be  mounted  from  each  wing-tip  body.  Each  salt  had  a  apaa  of  23aa,  a  mean 
chord  of  lima,  and  a  tapar  ratio  of  0.57  and  was  mounted  at  13*  less  dihedral  than  the  sail  in  front. 
The  arrays  ware  set  such  that  ths  third  sail  from  the  front  was  In  the  plane  of  the  wing,  that  Is  at  a 
dihedral  of  7*  to  the  horlsontal  In  normal  level  flight.  In  plan  slew  the  root  leading  edge  of  each  sail 
waa  4am  behind  the  root  trailing  edge  of  the  sail  in  front.  The  trailing  edge  of  the  rear  sail  had  the 
earn#  fore  amd  aft  position  as  the  trailing  edge  of  the  tip  section  of  the  wing  Inboard  of  the  body  of 
revolution,  tech  eell  could  be  pivoted  about  an  axl*  normal  to  its  tip  body  eantrellna  to  enabla  Its  tip 
chord  line  to  ba  aat  at  an  angle  to  the  tip  body  axis  which  could  be  varied  from  -10*  to  +3*  in  3* 
Increments.  Whsn  thess  tips  wers  fitted  the  model  had  an  overall  span  of  1.619m.  and  a  wing  area  of 
0.2329m*  whan  developad  onto  a  horlsontal  plana. 


The  third  form  of  tip  tested  was  the  wlnglet  whose  geometry  le  given  In  Figure  3.  Just  beyond  the 
breek  joint  the  chord  of  the  wing  was  reducad  rapidly  end  at  about  the  poo  It  loo  of  tha  tip  of  the  plain 
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wing  Che  wlnglet  surface  bene  a  (wards  to  give  the  outer  pert  e  dihedral  of  70*  to  the  horizontal. 
Caspian  curvature  of  the  surface  at  the  kink  gave  the  sections  just  outboard  of  the  bend  a  alight 
outward  cant.  The  canted  part  of  che  wing  la  t  had  a  projected  root  chord  of  46m,  a  tip  chord  of  L5mm  and 
a  vertical  height  above  Che  wing-tip  chord  line  of  100mm.  With  wing  lets  fitted  to  both  tips  the  node  L 
had  an  overall  span  of  1.639a  and  an  area  of  0.2561a*  when  developed  onto  a  horizontal  plane.  The 
developed  areas  given  are  equivalent  to  total  plan  areas  of  planar  wings  whilst  the  spans  are  actual 
overall  spans  as  seen  in  plan  view. 

Details  of  the  profiles  and  sections  of  the  sells  and  wlnglete  are  not  given  because  their  snail 
size  aade  It  impossible  to  do  wore  than  give  a  close  approximation  to  the  geometries  specified.  The 
winglets  were  aade  to  teaplatea  cut  to  the  sections  specified  end  ere  thought  to  be  reasonably  accurate 
but  the  uncaabered  sails,  shown  in  Figure  4,  had  tactions  which  appeared  to  be  typical  of  symmetrical 
12X  thick  aerofoil  fora.  The  other  sails  had  strongly  cambered  root  sections  and  uncaabered  tip 
sections.  Figure  4  shows  that  whilst  their  leading  edges  were  curved  in  front  elevetlon  their  tret  ling 
edges  were  etraLght,  giving  their  noses  distinct  droops  et  the  root  stations. 

The  tests  were  aade  in  the  2.44«  (8.0  ft)  by  1.83*  (6.0  ft)  low  speed  wind  tunnel  at  Cranfleld  at  a 
wind  speed  of  approximately  58m/ sec  (I90ft/aec)  giving  a  aaan  chord  Reynolds  number  of  6.37  x  10*  for 
the  wing,  1.24  x  10  for  the  wlnglete  end  4.65  x  104  for  the  sails,  lecauae  of  these  low  Reynolds  number 
transition  wires  were  fixed  et  1 01  chord  behind  the  leading  edge  of  the  wings  on  both  top  and  bottom 
surfaces  and  the  leading  edges  of  wtnglsts  and  sails  were  covered  with  ballotini  spheres  of  0.18mm 
(0.007”)  diameter  from  51  to  10X  chord  on  top  and  bottom  surfaces  to  give  as  even  a  cover  as  could  be 
achieved. 

Overall  forces  and  moments  were  measured  on  a  virtual  centra,  Harden  belance  and  corrected  for  tare, 
blockage  and  tunnel  wall  effects. 

3.  DESIGN  OF  TIP  DEVICES 

3.1  DESIGN  PHILOSOPHY  FOR  WING  TIP  SAILS 

References  1  and  2  have  shown  the  swirling  nature  of  the  flow  about  the  wing  tip*  If  small  lifting 
aur faces  are  placed  in  this  flow  they  can  experience  e  resultant  force  which  has  e  component  Into  the 
free  stream  direction.  Since  the  swirl  varies  with  distance  from  the  wing  tip,  these  surfaces,  called 
saile,  have  to  be  twisted  along  their  span  In  order  to  obtain  a  near  uniform  Incidence  distribution 
which  will  only  give  optimum  epenwise  conditions  et  one  wing  incidence.  The  change  in  local  Incidence  et 
the  root  of  the  sails  close  to  the  wing  tip  surface  is  about  four  times  any  change  in  wing  Incidence  so 
that,  at  high  wing  incidences,  the  flow  over  the  root  top  surface  of  the  sail  ts  likely  to  separate.  To 
minimise  this  effect  the  root  section  should  hsve  positive  camber  sod  be  set  at  ae  low  an  incidence  to 
the  wing  tip  chord line  as  can  be  allowed  without  inducing  a  negative  lift  on  the  sell  at  che  lowest 
operational  incidence  of  the  wing.  Thus  the  camber  and  twist  distribution  of  the  sails  and  thslr  rigging 
angla  on  the  tip  Is  a  compromise  between  good  performance  in  crulalng  flight  end  unstalled  behaviour  at 
lower  flight  speeds.  At  first  thought  the  use  of  camber  and  twist  suggests  chat  sails  are  liable  to 
adverse  Nach  number  effects.  However  they  are  shaped  In  this  way  to  avoid  exceaslvs  local  speeds  and 
adverse  pressure  gradients  being  induced  by  the  naturally  swirling  flow  and  therefore  should  not  suffer 
adverse  effects  due  to  compressibility  if  designed  correctly. 

Since  the  swirling  motion  la  greatest  near  the  tip  trailing  edge  this  is  the  best  fore  and  aft 
position.  However  adding  more  sails  forward  of  this  position  increases  the  total  thrust  available  end 
reduces  the  Incidence  range  experienced  by  the  rear  sail.  Thus  three  or  four  sails  have  been  found 
desirable  extending  forward  to  about  301  chord  (Raference  I).  Millet  downwaeh  Interference  between  than 
la  desirable  to  Unit  their  overall  ranges  of  incidence,  wake  interference  is  not,  end  for  this  reeeon 
successive  sells  sre  mounted  et  about  IS*  dihedral  difference,  the  front  sell  he v lag  che  greatest 
dihedral  so  chat  Its  wake  passee  wall  above  the  subsequent  sell.  It  has  bean  found  from  previous 
experiment*  that  the  tail  spans  should  he  shout  a  quarter  of  the  wing  tip  chord  and  have  root  chords 
about  oae  sixth  of  the  wing  tip  chord.  Ideally  their  root  tattings,  camber  and  twist  distributions 
should  eech  be  different  but  difficulty  of  manufacture  has  suggested  that  for  these  taste  they  should  b« 
the  same  for  all  sails. 

3.2  DESIGN  METHODS  FOR  WINGLETS 

In  designing  the  winglets,  the  principal  methods  used  ware  a  subsonic  panel  program  developed  by  J. 
C.  New ling  (Reference  3)  end  e  vortex  dreg  eoelysis  program  (Reference  4)  based  on  the  methods  of  J.  A. 
Blackwell  (Reference  5)  end  R.  T.  Jones  (Raference  6).  The  panel  method  gives  a  good  estimation  of  lift 
from  the  integration  of  panel  pressures.  The  accuracy  of  the  drag  te  dependent  upon  the  panel  spacing, 
therefore  It  Is  norael  practice  to  evaluate  the  vortex  dreg  from  the  panel  method  load  distribution 
using  the  vortex  drag  analysis  program.  In  addition  the  same  program  will  produca  an  optimised  lift 
distribution  which  can  be  compered  with  the  actual  distribution  obtsLned  from  ths  panel  method  in  terms 
of  local  loading  and  vortex  drag.  There  are, however, l lml tat lone  to  ths  accuracy  of  Treffts  plana  drag 
analysis  for  non  plansr  wings.  Cane el let Ion  of  dependent  terms,  as  par  Hunk's  stagger  theorem,  la 
not  exact  for  non-planer  configurations,  but  due  to  the  nature  of  the  formulation  the  errors  for  s 
wing let  type  configuration  ere  email. 

Previous  parametric  studies  had  indicated  Mist  length  and  eant  angle  would  be  practtcnl  for  wlnglete 
to  achieve  e  worthwhile  drag  reduction.  The  wing let  chord  distribution  follows  from  the  anticipated 
maximum  load  required.  A  large  wlnglet  will  give  a  large  drag  reduction  at  a  high  wing  lift  coefficient, 
but  the  wing  lift  coefficient,  below  which  the  device  Increases  drag,  will  be  higher  due  to  the 
increased  profile  drag. 

Once  the  plenform  and  cant  angle  hsve  been  chosen,  the  wlnglet  root  Incidence  and  twist  distribution 
are  obtained  as  follows.  A  panel  method  modal  of  ths  wing  with  the  wing let  at  soma  initial  setting  is 
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run  at  a  design  lift  coefficient.  The  lift  distribution  obtained  is  compared  with  so  optimised  lift 
distribution  from  the  vortex  drag  analysis  prograe  and  a  twist  correction  is  applied  using  the 
approxi nation 

Ac 


*  ^ooumijgi  ~  ^  panel  method 
Lift  artt  slope 


This  is  an  iterative  process  and  ts  fully  described  in  Reference  7. 

A  relatively  large  wlnglet  span  of  12Z  of  the  wing  senlapan  was  chosen  to  give  a  measurable  drag 
reduction  and  was  optimised  for  a  wing  lift  coefficient  lift  of  0.7.  A  13Z  thick  A1A  *D*  section  was 
chosen  for  the  wlnglet  which  was  modelled ,  using  a  panel  method  on  the  tip  of  Jetstream  wing.  The  wing 
planfom,  twist  and  sectional  variation  were  represented  but  the  nacelle  and  fuselage  were  not. 

Initially  the  wlnglet  was  toed  out  by  2*  to  offset  the  camber.  Using  the  design  procedure  outlined  above 
the  wlnglet  twist  converged  after  2  iterations.  The  blend  region  between  the  wing  and  wlnglet  was 
designed  'by  eye*  to  reduce  the  design  coats  and  Is  thersfote  not  necessarily  the  optimum  shape.  The 
only  major  constraint  on  the  blend  region  was  that  the  wings  remain  unchanged  Inboard  of  the  aileron 
tip. 

4.  TESTING 

Six  component  forces  and  moments  were  taken  for  three  typea  of  conf IguratLoo. 

(a)  Standard  wing  tlpa 

(b)  Tip  devices  on  both  wing  tips 

(c)  One  Standard  tip  and  a  tip  device  on  the  other. 

The  change  in  drag  was  calculated  from  (a)  and  (b).  Differences  In  rolling  moment  between 
configurations  (s)  and  (c)  gave  an  estimate  of  the  increase  in  wing  root  bending  moment.  This  technique 
relied  heavily  upon  the  repeatability  and  accuracy  of  the  results,  which  for  the  rolling  momenta  ware 
disappointing  considering  the  small  differences  sought. 

Initially  transition  was  fixed  with  'pinked'  tape,  but  flow  visualisation  on  the  wing  showed  chat 
the  flow  over  the  inboard  half  of  the  wing  was  completely  turbulent  whereas  that  over  the  outboard  half 
showed  transition  at  50Z  chord  (Reference  8  describee  this  in  more  detail).  Since  thla  would  cause  an 
unrepresentative  lift  distribution,  s  different  means  of  fixing  transition  was  employed.  Bsllotlnl  of 
l78pm(0.007H)  diameter  were  used  to  fix  transition  on  the  tips  but  these  were  impractical  on  the  rest 
of  the  model  as  it  would  need  to  be  de-  rlssxl  in  order  to  apply  them.  Consequently  a  wire  trip  was 
chosen  but  the  smallest  diameter  available  was  230^m(0.009'1),  in  retrospect  It  sppesre  to  have  'over 
fixed*  the  transition  causing  the  trailing  edge  separation  to  move  forward:  thla  had  the  affect  of 
increasing  the  drag  and  decreasing  the  lift.  Wire  of  about  150  p.m  (0.006")  diameter  me/  have  been 
sufficient.  As  forced  transition  can  reduce  the  local  Clmax,  the  results  near  the  stall  are  unreliable. 

In  the  flrat  set  of  testa  with  the  tallplane  on,  the  elevators  ware  et  sero  deflection.  Since  the 
lift  and  drag  due  to  the  tallplane  were  unrepresentative  of  trimmed  flight  It  was  excluded  from  the 
second  set  of  teste. 

5.  RESULTS 

The  lift  curve  slopes  are  presented  in  Figure  6.  for  the  tell  off  Is  4.75  compered  with  5.34  for 
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the  penal  method  wing  alone.  Considering  that  the  figure  of  4.75  includes  the  lift  doe  to  the  fuselage 
and  nacelles.  It  is  quite  low  by  comparison.  The  effect  of  the  fuselage  and  nacelles  on  the  lift  Is 
manifest  In  the  large  shift  In  saro  lift  angle  from  -5*  to  -3.5*  body  Incidence.  Evidently  there  Me  s 
large  loss  of  wing  lift  and  this  was  directly  attributable  to  the  low  Reynolds  number  and  tranaltlon 
fixing.  Flow  visual last  loo  revealed  areas  of  separation  aft  of  the  flap  shroud  and  on  the  wing  close  to 
the  fuselage  and  nacelle  at  the  higher  incidences. 

Drag  polars  for  the  Jetstream  with  standard  tips  are  shown  in  Figure  7.  Minimum  dreg  coefficient  Is 
at  a  Cl.  of  0.2  which  for  the  tell  off  configuration  occurs  at  s  body  Incidence  of  approximately  -l*.  As 
can  be  seen  the  un trimmed  tallplane  has  a  significant  affect  on  the  drag  polar.  Comparison  of  the  tall  } 

on  tranaltlon  free  and  tall  on  transition  fixed  results  gives  an  Indication  of  the  Reynolds  number  j 

related  effects  on  the  profile  drag. 

The  raeulta  for  the  teetlng  of  wlngleta  end  various  different  sail  configuration  have  been  j 

corrected  for  terta  and  are  presented  in  Tables  I  and  II.  The  coefficients  ere  based  on  the  original  j 

wing  ares  and  span,  sod  hava  been  interpolated  beck  to  the  same  lift  eoaff lcilents  since  the  uncambered 
sails  and  wlngleta  increased  <^Ci.  by  0.1  end  0.18  respectively,  without  changing  the  aero  lift 

incidence.  Figure  8  shows  tha  increnantal  drag  variation  with  lift  for  wing  Is  ts  and  for  tha  best  sails. 

The  effects  of  varying  tha  sail  settings  ars  illustrated  and  discussed  in  detail  la  Reference  9.  A 

similar  trend  la  shown  In  the  results  for  slthar  device  with  the  wlnglet  performing  better  than  seile 

above  e  lift  coefficient  of  0.5  aod  worse  below.  With  the  exception  of  the  uac sobered  sails  at  -10*,  the 

sail  configurations  appear  to  have  stalled  et  high  Incidences,  flow  visualisation  showed  separation  on 

the  roots  of  the  uncmabered  sails  at  moat  incidences,  particularly  the  fora  sail.  Tha  cambered  sails 

showed  separations  st  all  Incidences.  One  would  expect  batter  flow  behaviour  at  higher  Reynolds  number  ; 

which  would  improve  their  performance. 


Variation  of  rolling  moment  due  to  the  devices  with  lift  Is  presented  In  Figure  9.  Thera  Is  a 
significant  scatter  of  the  results  with  Identical  devices  on  either  tip  but  despite  this  one  can  clearly 
see  a  rolling  moment  Increment  due  to  the  -5*  uncambered  sails  and  a  marginally  greater  rolling  moment 
Increment  due  to  a  wlnglet.  The  lift  coefficients  at  which  the  sails  and  wlnglet  produce  zero  rolling 
moment  increment  are  approximately  0.18  and  0.08  respectively,  which  are  the  lift  coefficients  at  which 
the  tip  devices  Induce  no  nett  load  on  the  device  and  wing. 

6.  ANALYSIS  AND  DISCUSSION 

Results  from  the  panel  method  model  described  In  Section  3.2  yield  the  following  theoretical  vortex 
drag  reductions  and  wing  root  bending  moment  increases. 

Lift  coefficient  0.5  0.7 

Vortex  drag  reduction  7.2X  8. 31 

Wing  root  bending  moment  Increase  3.2Z  3.6X 

The  actual  values  have  been  added  to  Figures  8  and  9.  Since  there  Is  a  large  difference  between  the  lift 

coefficients  of  the  panel  method  model  and  the  wind  tunnel  model  at  the  same  incidence.  It  is  unclear 
whether  the  two  drag  reductions  should  be  compared  at  the  same  lift  coefficient  or  at  the  same 
incidence;  the  true  effect  is  probably  somewhere  In  between.  Therefore  the  panel  method  results  are  also 
shown  at  the  same  Incidence  as  the  wind  tunnel  modeL,  and  It  can  be  seen  that  the  gradient  of 
experimental  drag  Increment  upon  lift  coefficient  due  to  wlnglets  Is  between  the  gradients  of  the  two 
theoretical  curves. 

At  the  lift  coefficients  when  the  tip  devices  Induce  no  nett  load  the  drag  Increment  for  the  wlnglet 
Is  roughly  15  counts  and  the  drag  Increment  for  the  '5°  uncambered  sails  Is  somewhere  between  10  and  15 
counts.  Allowing  for  the  low  Reynolds  number  and  transition  fixing  on  the  sails  and  wlnglets,  profile 
drag  coef flctents,  based  on  their  own  areas,  of  0.05  and  0.04  respectively  are  not  unreasonable.  A a  the 
area  ratio  of  the  wing  to  the  combined  sails  Is  1:0.008  their  profile  drag  would  give  4  counts,  which  is 
only  a  third  of  the  measured  drag  Increment  and  Indicates  poor  flow  behaviour  at  the  tip.  Similarly  the 
area  ratio  of  wing  to  the  two  wlnglets  Is  1:0.021  giving  a  profile  drag  estimate  of  8}  counts  which  is 
slightly  over  half  the  measured  drag  Increment.  Flow  visualisation  showed  small  areas  of  separation  at 
the  wlnglet  root  but  not  as  extensive  as  that  on  the  sails. 

If  these  separations  disappeared  at  flight  Reynolds  number,  the  profile  drag  Increment  for  wlnglets 
and  sails  would  be  approximately  5  counts  and  2  counts  respectively.  Therefore  the  sails  could  reduce 
drag  above  a  lift  coefficient  of  0.2  and  Che  wlnglets  would  start  to  reduce  drag  at  a  lift  coefficient 
of  0.4. 

7.  CONCLUSIONS 

1.  The  teats  clearly  showed  that  wlnglets  sod  sails  can  produce  reasonable  drag  reductions.  However  the 
reductions  obtained  were  disappointing  compared  with  Che  theoretical  predictions  and  results  from 
previous  half  wing  tests.  The  loss  of  lift  and  high  drag  were  characteristic  of  separated  flow  and  it  la 
hoped  these  effects  would  disappear  at  higher  Reynolds  number.  Due  to  the  small  slse  of  tip  devices  In 
relation  to  the  aircraft,  a  significantly  larger  model  and  faster  tunnel  would  be  required  to  take  this 
investigation  further  and  it  may  even  prove  more  cost  effective  to  flight  test  Che  devices,  despite  the 
difficulties  of  measuring  drag  tn  flight. 

2.  The  overall  profile  drag  and  In  particular  the  drag  Increments  due  to  the  dps  were  very  high.  In 
retrospect  more  time  could  have  been  spent  Investigating  transition  fixing  on  the  model. 

3.  The  results  suggest  that  at  flight  Reynolds  number,  sslLs  could  reduce  drag  above  a  lift  coefficient 
of  0.2  and  provide  a  worthwhile  drag  reduction  over  the  normal  lift  coefficient  range  provided  they  did 
not  stall.  The  wlnglets  would  start  to  reduce  drag  at  a  lift  coefficient  of  0.4  and  give  larger  drag 
reductions  at  high  Incidence  but  would  give  a  small  penalty  at  maximum  cruise  speed.  A  shorter  wlnglet, 
optimised  at  a  lower  lift  coefficient,  would  have  given  leaa  drag  reduction  at  high  Incidence  but  would 
break  even  at  a  lower  lift  coefficient.  If  the  testa  were  repeated  a  shorter  wlnglet  would  be  chosen. 
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I.  INTRODUCTION 

-^Studies  made  of  the  flow  about  the  wing-tip  of  a  windtunnel  model  showed  that  the 
vortex-type  flow  generally  associated  with  the  rolled-up  vortex  sheet  well  behind 
the  tip  existed  just  behind  the  trailing  edge  and  seemed  to  be  forming  over  the  top 
of  the  wing-tip  itself.  As  a  result  small  cambered  aerofoils  were  attached  to  the 
wing-tip  to  redirect  the  flow  locally  in  such  a  way  that  each  experienced  a  force 
with  a  significant  thrust  component.  The  effect  is  similar  to  that  generated  by  the 
sail  of  a  close-hauled  yacht;  consequently  these  small  tip  extensions  were  called 
sails.  Reference  1  describes  the  original  windtunnel  and  the  preliminary  flight 
tests  of  sails  mounted  from  the  tip  tanks  of  the  Iferis  aircraft  of  the  Cranfield 
Institute  of  Technology.  These  initial  tests  showed  that  a  considerable  reduction  in 
the  lift-dependent  drag  resulted  from  fitting  the  sails  but  there  was  a  marked  scatter 
in  the  results  which  detracted  from  their  credibility."^ 


Subsequently,  the  Science  Research  Council  has  given  Cranfield  a  grant  for 
further  research  on  sails. yThe  first  part  of  this  programme  was  to  extend  the  flight 
tests  made  on  the  Paris  in  two  ways,  firstly  to  measure  engine  characteristics  in  steady 
level  flight  to  obtain  drag  and  fuel  consumption  comparisons  and  secondly  to  fly 
another  aircraft  across  the  wake  of  the  Paris  to  measure  the  effect  of  sails  on  the 
decay  of  the  trailing  vortex  system. ^Jeference  2  reports  on  the  first  of  these 
investigations  which  showed  a  4%  reaction  in  fuel  requirements  for  cruising  flight 
whilst  this  note  describes  the  wake  /explorations . 


2.  TEST  AIRCRAFT  AND  PROCEDURE 


\ 


The  .ail.  were  fitted  to  the  tip  tank*  of  the  Paris  aircraft  G-APRU  at  an  early 
stage  In  the  research  programme  aimed  at  drag  reduction,  described  in  reference  1, 
because  it  was  felt  that  It  was  essential  to  confirm  their  drag  reducing  properties  at 
flight  Reynolds  numbers.  As  a  result  their  configuration  was  not  an  optimum  for 
drag  reduction  but  it  was  thought  that  their  effect  on  the  flow  about  the  wing  tips 
was  sufficiently  significant  to  justify  their  use  without  modification  for  the  research 
into  the  effects  of  sells  on  wake  behaviour. 


Figures  1  and  2  show  the  general  arrangement  of  the  Paris  with  sails  whilst  details 
of  the  sail  geometry  are  shown  in  Figure  3.  The  aircraft  was  standard  apart  from  the 
addition  of  the  sails  and  the  fitting  of  a  simple  system  to  allow  diesel  oil  to  be 
introduced  into  the  jet  pipe  of  the  port  engine  to  create  a  dense  smoke  trail . 

The  Jetstream  flying  classroom  G-AXUI  of  ths  College  of  Aeronautics  was  used  to 
traverse  the  wake  of  the  Paris.  An  ultra-violet  light  sensitive  paper-tape  recorder, 
running  at  30mm/sec.,  was  used  to  obtain  the  time  histories  of  the  deflection  of  a  pitch 
vane,  mounted  on  the  end  of  the  stiff  nose  boom,  and  the  normal  acceleration  at  the 
centre  of  gravity  of  the  aircraft.  The  instruments  were  calibrated  in  the  laboratory 
prior  to  the  flight  tests. 

The  Paris  was  flown  straight  and  level  at  120  knots  at  1500m  altitude  and  the 
Jetstream  was  positioned  to  make  a  transverse  pass  across  its  wake.  As  the  pilot  of  the 
Jetstream  began  to  broadcast  a  count-down,  the  recorder  was  started  and  at  the  zero 
count  the  recorder  was  time  marked  and  the  smoke  generator  on  the  Paris  switched  on. 

Smoke  became  visible  from  the  Paris  port  angina  1.5  seconds  later  and  the  Jetstream 
was  flown  to  pass  through  the  end  of  the  smoke  trail.  As  it  penetrated  the  wake  it 
experienced  a  sudden  jolt  which  lasted  too  short  a  time  to  affect  its  bank  angle  or 
heading.  After  penetration  the  recorder  was  stopped  and  both  aircraft  turned  through 
90°  towards  each  other  to  start  another  traverse.  Thus  the  two  aircraft  flew  a  criss¬ 
cross  path,  the  programme  being  controlled  by  the  Jetstream  pilot  to  vary  the  times 
between  smoke  on  and  penetration  between  five  and  forty  seconds.  After  a  little 
practice  it  was  possible  to  get  this  period  to  within  a  few  seconds  of  that  required 
without  too  violent  an  an  initial  manoeuvre  and  with  the  Jetstream  in  almost  straight 
and  level  flight  at  penetration.  Although  it  was  necessary  to  vary  the  penetration 
speed  between  95  and  155  knots,  in  most  cases  it  was  between  120  and  130  knots.  By 
switching  on  the  smoke  for  only  about  5  seconds  it  was  possible  to  get  up  to  forty 
passes  before  the  Paris  had  to  return  to  Cranfield  to  replsnish  the  diesel  oil.  Some 
experience  of  this  technique  was  obtained  when  the  Paris  was  used  as  the  aircraft 
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penetrating  the  wake  of  the  Handley  Page  115  experimental  aircraft. 

As  the  Jetstream  approached  the  smoke  trail  it  appeared  to  be  two  to  three  metres 
from  top  to  bottom  and  to  have  a  distinct  rotational  motion  although  details  like  its 
cross- sectional  shape  could  not  be  discerned  in  the  0.15  seconds  it  took  to  penetrate 
the  wake.  Occasionally  the  pilot  said  the  pass  was  slightly  high  or  low  but  on  most 
traverses  he  was  confident  that  the  nose  probe  passed  through  the  central  third  of  the 
smoke  trail  depth.  It  was  obvious  to  the  Jetstream  crew  that  there  was  a  considerable 
variation  in  the  intensity  of  the  jolt  and  that  it  could  not  be  predicted  with  any 
confidence.  This  impression  was  confirmed  by  the  wide  scatter  of  the  readings. 


3.  TEST  RESULTS  AND  DISCUSSION 

Figure  4  shows  typical  trace  patterns  for  the  vane  deflection  and  the  normal 
acceleration.  With  a  big  jolt  the  vane  deflected  upwards  initially,  then  very  strongly 
downwards,  started  to  return  to  zero  but  then  got  a  second  downward  pulse  rapidly 
followed  by  a  strong  upward  pulse  taking  the  reading  well  into  the  positive  settings 
before  returning  to  an  almost  steady  value  near  that  recorded  before  the  disturbance. 

The  relative  values  of  the  first  and  second  upward  and  downward  peak  readings  varied, 
on  most  occasions  the  first  peaks  both  positive  and  negative  gave  the  greater  values. 

When  the  jolt  was  small  the  vane  signal  degenerated  into  a  simple  down  and  return 
deviation  at>  shown  in  Figure  4b.  Of  the  75  penetrations  made  without  sails  15  gave 
bigger  first  peaks,  7  equal  peaks,  6  bigger  second  peaks,  38  only  one  negative  peak 
and  9  were  difficult  to  interpret  in  this  way.  With  sails  the  85  penetrations 
recorded  showed  27  with  bigger  first  peaks,  10  with  equal  peaks,  13  with  bigger 
second  peaks,  29  with  only  a  single  negative  peak  and  6  were  difficult  to  classify. 

These  numbers  indicate  that  more  of  the  signals  obtained  with  sails  showed  a  double 
peak  in  the  downward  deflection  of  the  vane. 

The  vane  signals  showed  the  upward  and  downward  velocity  perturbations  which  one 
would  expect  from  a  traverse  through  a  pair  of  vortices  somewhat  as  shown  in  Figure  5. 

The  time  over  which  the  Jetstream  experienced  a  downward  velocity  was  about  0.13 
seconds  which  suggests  that  the  cores  of  the  vortices  were  eight  to  nine  metres 
apart.  It  is  clear  from  this  figure  that  unless  the  aircraft  passed  very  close  to 
the  vortex  cores  it  will  not  have  been  subjected  to  the  greatest  vertical  velocities. 

The  fact  that  on  most  of  the  traces  the  vane  deflection  pattern  was  not  symmetrical  about 
the  time  corresponding  to  the  middle  of  the  penetration  suggests  that  a  slight 
upward  or  downward  aircraft  path  relative  to  the  transverse  axis  of  the  wake  occurred 
on  most  occasions.  This  could  have  been  due  to  the  Jetstream  manoeuvring  to  get  into 
position  or  some  asymmetry  in  the  wake  formation  and  development  may  have  caused  it 
to  tilt  off  a  horizontal  axis,  whatever  the  cause  it  seems  clear  that  in  aiming 
generally  at  the  centre  of  the  smoke  trail,  and  therefore  presumably  the  centre  of 
the  port  vortex,  the  aircraft  was  not  positioned  accurately  enough  to  consistently 
measure  the  maximum  perturbation  velocities  and  this  is  the  prime  reason  for  the  large 
scatter  in  the  values  recorded. 

The  maximum  negative  normal  acceleration  always  occurred  about  0.13  seconds  after 
the  mid-time  of  the  downward  vane  deflection. This  is  primarily  because  the  vane  was 
about  eight  metres  ahead  of  the  aircraft  centre  of  gravity,  but  may  also  be  affected  by 
the  different  response  characteristics  of  the  instruments.  Whilst  the  record  of  the 
vane  deflection  shows  that  it  was  well  damped  after  the  disturbance,  the  accelerometer 
record  shows  clearly  that,  subsequent  to  the  initial  disturbance,  there  was  a  damped 
oscillation  at  a  frequency  of  about  6HZ ,  which  lasted  until  the  aircraft  t ^s  well  clear 
of  the  wake  of  the  Paris.  It  is  probable  that  this  was  a  result  of  the  er . itation  of 
the  fundamental  bending  of  either  the  wing  or  the  fuselage,  probably  th*  former. 

The  overall  time  of  the  vane  deflection  on  all  the  traces  was  approximately  the  same, 
irrespective  of  the  magnitude  of  the  signal,  as  one  would  expect  if  the  aircraft 
height  varied  only  slightly  relative  to  the  centres  of  the  vortices.  There  wat.  some 
evidence  from  the  traces  which  suggested  that  the  distances  apart  of  the  vortices 
remained  nearly  constant  for  up  to  1500m  behind  the  Paris  but  at  greater  distances 
the  signals  became  more  irregular  and  spread  out  although  this  was  not  obvious  when 
looking  at  the  smoke  trails. 

The  maximum  vane  deflections  both  positive  and  negative,  have  been  converted  to  give 
the  local  maximum  upward  and  downward  vertical  velocities  measured  in  the  wake  by 
assuming  that  the  vane  angle  in  radians  was  equal  to  the  ratio  of  vertical  velocity 
to  Jetstream  penetration  velocity.  The  normal  accleratlon  readings  have  been  corrected 
for  variation  in  penetration  speed  by  assuming  that  the  normal  acceleration  due  to  a 
given  wake  form  would  increase  linearly  with  penetration  speed.  The  distance  of 
penetration  behind  the  Paris  was  calculated  by  subtracting  1.5  seconds  from  the 
recorded  time  between  the  initial  time  mark  and  that  corresponding  to  the  centre  of  the 
wake  disturbance  to  allow  for  the  delay  in  the  appearance  of  the  smoke,  and  multiplying 
the  resulting  Increment  in  time  by  the  flight  speed  of  the  Paris,  which  was  always  120 
knots.  The  results  have  not  been  corrected  for  any  variation  in  weight  due  to  fuel 
usage.  Since  the  maximum  variations  in  Jetstream  and  Paris  weights  possible  during 
the  tests  were  about  4%  and  131  respectively  it  was  felt  that  any  correction  would  have 
a  negligible  effect  on  the  overall  trends  in  view  of  the  very  large  variation  in  results 
at  any  particular  separation  distance  between  the  aircraft.  Again  an  accurate 
assessment  of  the  aircraft  weight  would  be  difficult  since  the  recorder  was  not  left 
running  all  the  time. 
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Figure  6  compares  the  maximum  upward  vertical  velocities  experienced  by  the 
Jetstream  from  the  peak  vane  deflection  measurements  with  and  without  sails  whilst 
Figure  7  compares  the  maximum  downward  vertical  velocities  experienced  with  and 
without  sails  and  Figure  8  shows  the  maximum  normal  acceleration  values  experienced 
by  the  Jetstream  with  and  without  sails,  all  plotted  against  the  distance  between 
the  two  aircraft  at  penetration.  It  is  immediately  apparent  that  the  scatter  in 
the  results  is  huge.  Fortunately  the  large  number  of  passes  made  both  with  and 
without  sails  allows  some  general  conclusions  to  be  drawn  from  the  average  and  hounding 
values,  which  are  shown  as  full  and  dashed  lines  .respectively  on  these  figures. 

The  results  all  show  that  the  disturbances  increased  in  magnitude  with  initial 
increase  in  the  distance  behind  the  Paris,  reaching  maximum  values  at  400m.  to 
500m.  when  sails  were  not  fitted  and  650m.  to  700m.  when  sails  were  fitted. 

Beyond these  distances  the  intensity  of  the  disturbances  decreased,  progressively 
more  slowly  as  distance  increased.  In  all  cases  the  aircraft  with  sails  gave 
lower  peak  disturbance  values.  It  is  interesting  to  note  that  the  wake  penetrations 
giving  the  boundary  points  for  maximum  disturbances  were  not  always  the  same  for 
the  three  forms  of  disturbance  shown  in  Figures  6 ,  7  and  8 .  The  ratios  of  maximum 
disturbances  measured  without  sails  to  those  measured  with  sails  are  in  the  ratio  of 
1  to  0.89,  1  to  0.75  and  1  to  0.72  for  the  upward  velocities,  downward  velocities 
and  normal  accelerations  respectively.  Somewhat  surprisingly,  the  rate  of  decay 
of  these  maximum  disturbances  with  distance  behind  the  Paris  was  significantly  lower 
when  sails  were  fitted.  Thus  1500m.  behind  the  Paris  the  greatest  upward  velocity, 
downward  velocity  and  normal  acceleration  without  sails  were  respectively  43%,  50% 
and  42%  of  the  values  measured  with  sails. 

The  average  values  of  the  disturbances,  shown  as  full  lines  in  Figures  6,  7  and 
8,  with  and  without  sails  did  not  vary  significantly  for  distances  up  to  700m.  behind 
the  Paris.  Beyond  this  distance  the  lower  rate  of  decay  of  the  disturbances  with 
increase  in  distance  which  occurred  when  sails  were  fitted  made  the  average  values 
at  a  kilometre  or  more  much  greater.  The  figures  suggest  that  there  is  little  chance 
of  an  aircraft  which  penetrates  the  wake  two  kilometres  behind  the  Paris  experiencing 
a  measurable  disturbance  when  sails  are  not  fitted  but  a  good  chance  of  a  slight 
bump  when  sails  are  fitted. 

In  order  to  get  a  clearer  understanding  of  the  effect  of  sails  on  the  wake  of  the 
Paris,  in  the  distance  band  associated  with  the  maximum  disturbances,  that  is  400m.  - 
800m.  behind  it,  the  results  have  been  put  into  nine  equal  interval  classes  of 
intensity.  Class  1  being  the  lowest  disturbance  group.  The  number  of  results  in  each 
size  class,  expressed  as  a  percentage  of  the  total  number  of  results,  is  plotted 
against  class  size  in  Figure  9.  With  the  relatively  small  numbers  in  each  size 
class  it  is  not  surprising  that  each  set  of  results  shows  some  scatter  but  the  averages 
of  the  results  of  the  three  ways  of  judging  the  magnitude  of  the  disturbance 
show  quite  clear  trends.  Without  sails  there  are  far  more  results  in  the  low  size 
class  but  after  a  rapid  decrease  in  numbers  with  increase  in  size  class  the  curve  levels 
off  and  suggests  that  with  more  results  available  some  values  in  classes  above  the 
maximum  measured  would  have  been  obtained.  The  variation  with  class  size  of  the 
results  obtained  with  sails  is  quite  different,  there  is  almost  a  constant  number  in 
the  size  classes  up  to  5  and  then  the  number  of  results  in  the  higher  classes  falls 
rapidly  to  zero  in  class  9  for  all  three  types  of  assessment. 

The  average  results  from  Figure  9  have  been  used  to  show  the  probability  of  getting 
a  result  at  or  less  than  a  given  level  of  disturbance.  Figure  10  shows  that  when 
sails  are  fitted  there  is  a  greater  chance  of  another  aircraft  flying  through  the 
wake  400m.  to  800m.  behind  the  Paris  experiencing  a  moderate  sized  disturbance  as  it 
passes  through  the  wake  of  the  Paris  but  that  there  is  a  considerably  lower  chance 
of  getting  a  severe  disturbance  and  no  chance  of  getting  the  most  severe  values 
which  can  be  encountered  behind  the  Paris  without  sails. 

The  theory  of  Squire4  as  used  by  Biagood,Maltby  and  Dee3,  predicts  that  the  strength 
of  the  disturbance  due  to  a  vortex  should  vary  inversely  as  the  square  root  of  time, 
that  is  distance  from  the  generating  aircraft.  Logarithmic  plots  of  the  enveloping 
and  mean  curves  of  figures  4,5  and  6  showed  no  consistent  linearity.  This  is  not 
surprising  in  view  of  the  large  scatter  in  the  basic  results.  As  a  result  further 
comparisons  with  theory  have  not  been  made. 

In  order  to  make  a  better  assessment  of  the  effect  of  sails  on  wake  roll-up  and 
decay  it  is  planned  to  repeat  these  experiments  using  a  much  more  sensitive  instru¬ 
mentation  system  which  will  measure  vertical  and  in -line -of -flight  velocities  at  a 
rate  of  100  per  second  during  the  wake  traverses.  This  will  allow  the  peak  radial 
velocities  and  the  positions  of  the  vortex  cores  to  be  evaluated.  In  this  way  it  is 
hoped  to  obtain  measurements  of  peak  radial  velocities  and  hence  estimates  of  peak 
disturbance  conditions  for  at  least  85%  of  the  traverses  made.  It  is  hoped  that  in 
this  way  sufficient  data  will  be  obtained  to  assess  the  behaviour  of  the  wake  behind 
the  Paris  and  the  changes  which  result  when  devices  like  sails  are  fitted. 
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CONCLUSIONS 

a)  The  Intensity  of  the  disturbance  experienced  by  a  Jetstream  aircraft  passing 
transversely  through  the  wake  of  a  standard  Paris  aircraft  was  a  maximum  when  the 
traverse  was  made  400m. behind  it.  This  distance  increased  to  700m.  when  sails 

were  fitted  to  the  wing  tip  tanks  of  the  Paris.  This  suggests  that  the  sails  delayed 
the  complete  roll-up  of  the  vortex  sheet  from  i.Ssec.  to  11.3sec.  after  it  left 
the  aircraft. 

b)  The  peak  intensities  likely  to  be  experienced  by  aircraft  flying  through  the 
wake  of  the  Paris  at  distances  400m.  to  700m.  behind  it  are  about  25%  leas  when 
sails  are  fitted  to  the  Paris  tip  tanks. 

c)  Analysis  of  all  tests  made  between  400m.  and  800m.  behind  the  Paris  suggest  that 
there  was  a  greater  chance  of  a  traversing  aircraft  sxperienclng  a  moderate 
disturbance  when  sails  were  fitted  but  a  lower  chance  of  getting  a  really  severe 
disturbance  than  without  sails. 

d)  Sails  reduced  the  decay  rate  of  the  trailing  vortices.  This  effect  together 
with  the  delay  in  complete  roll-up  of  the  vortices  meant  that  at  distances  greater 
than  700m.  behind  the  Paris  with  sails,  the  traversing  aircraft  experienced  greater 
disturbances  than  when  sails  were  not  fitted.  At  a  distance  of  two  kilometres,  or 
a  time  of  about  30  seconds  after  leaving  the  aircraft  the  wake  of  the  Paris  without 
sails  gave  a  negligible  disturbance  to  a  traversing  aircraft  whilst  the  disturbance 
caused  by  the  Paris  with  sails  was  likely  to  be  of  measurable  site. 

e)  The  considerable  variation  in  the  alse  of  the  disturbances  experienced  by  the 
traversing  aircraft  at  nominally  the  same  conditions  suggest  that  it  was  not  passing 
exactly  through  the  centres  of  the  rolled-up  vortices  on  each  occasion.  Apparently 
slight  errors  in  height  were  sufficient  to  reduce  the  intensity  of  the  disturbance 
experienced.  Because  of  this  even  the  160  traverses  for  which  measurements  ware 
made  were  insufficient  to  give  the  maximum  levels  of  disturbances  likely  to  be 
experienced  by  a  traversing  aircraft  to  a  high  level  of  confidence.  This  is 
probably  the  reason  why  an  analysis  of  the  variation  of  the  enveloping  and  mean 
disturbance  levels  with  distance  did  not  yield  any  consistent  trend  in  the  rates 

of  decay  of  the  vorticity. 

f)  To  enable  more  accurate  results  to  be  obtained  it  is  essential  to  measure  the 
disturbances  in  much  greater  detail,  increasing  the  sensitivity  of  the  instrumentation 
and  particularly  the  time  scale  of  the  recordings.  Xt  is  proposed  that  further  tests 
are  made  using  a  system  in  which  both  velocity  perturbations  in  both  the  vertical 

and  in-line  of  flight  directions  are  measuredat  0.01  second  Intervals.  This  should 
allow  the  peak  radial  velocities  and  positions  of  the  vortex  cores  to  be  calculated 
from  the  readings  taken  during  the  traverses. 
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TRACT 

lifting  conditiorp,  the  vortical  flow  on  a  sharp  highly  swept  loading  edge  is  characte 
r  i  /ed  by  a  strong  adverse  pressure  gradient  acting  from  the  centerline  of  the  wing  towards 
the  leading  edge,  which  produces  boundary  layer  separation.  A  secondary  vortex  grows 
and  brings  to  lift  loss  and  to  drag  rise. 

The  reduction  of  this  secondary  vortex  may  he  obtained  by  means  of  a  slot,  which  divides 

the  boundary  layer  in  two  parts,  as  in  usual  slotted  flaps.  Tn  the  presept  work,  the 

effect  of  a  single  slot  on  a  delta  wing  model  has  been  investigated  experimentally,  in 
order  to  verify  the  correctness  of  the  basic  principle  of  operation. 

In  the  first  part  of  this  research,  pressure  measurements  have  been  performed  or  an 
unslotted  delta  wing  model,  which  enabled  to  determine  the  location  of  the  secondary 
separation  line,  as  a  function  of  the  angle  of  attack.  A  slotted  de’ta  wing  model  was 

then  built  and  tests  werp  carried  on,  showing  a  remarkable  shift  of  the  location  oC  the 
secondary  separation  line.  In  addition,  the  secondary  vortex  flow  was  invest i gat ed  by 
means  of  a  tracing  gas  technique,  based  on  the  ir.jection  of  Helium  on  the  upper  surface 
of  the  wing  and  measuremen  ts  of  its  ronerrt rat i oo  in  the  flow  dowrstream. 

As  a  conclusion,  boundary  layer  segmentation  appears  to  be  a  useful  tool  in  preventing 
large  secondary  separations  and  allows  higher  lift  coefficients  to  be  obtained.  Tt 

reasonable  to  suppose  that  results  similar  tc  those  reached  for  this  delta  wing  could  be 

expected  also  for  conventional  highly  swept  wings. 


NOTATION 

b  local  wing  semi-span  (mm» 
r  wing  root  chord  ( mm  ! 
r  pressure  coefficient 

xP  rhordwise  coordinate  from  apex  (mm! 
7  spanwise  coordinate  from  (he  root  f mm  ! 
oC  angle  of  attack  (degrees! 
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I  -  INTRODUr-  T ON 

Secondary  vortices  on  highly  swept  leading  edge®,  as  on  delta  wings,  are  responsible  for 
a  significant  decrease  in  lift  and  increase  in  drag.  Furthermore ,  the  suppression  of 

secondary  vortices  permits  to  verify  experimentally  the  accuracy  of  numerical  prediction 
methods,  based  on  potential  flow  theory .  These  predictions  in  fact  are  rot  comparable 

with  experiments,  in  the  high  angle  of  attack  range,  where  secondary  separation  is  usually 
present ,  without  complex  three-dimensional  boundary  layer  cal cul at i ons  . 

A  further  reason  for  investigation  on  secondary  separation  is  to  evaluate  its  effects,  i r 

some,  on  the  breakdown  of  the  primary  vortex,  at  high  angle  of  attack. 

Anv  means  of  boundary'  layer  control,  as  suction  or  blowing,  may  be  useful  for  secordarv 

separation  suppression,  hut  are  generally  rather  difficult  to  be  used  on  thin  wings,  due 
to  ducting  problems.  Tt  appears  easier,  in  order  to  remove  the  secondary  separation 

and  the  associated  secondary  vortices,  to  slot  properly  the  leading  edge  of  the  wing, 
thus  distributing  the  recessary  pressure  recovery  in  two,  or  more,  boundary  layers. 

Taking  into  account  that  the  spanwise  flow  on  a  swept  leading  edge  is  directed  outwards, 
the  slot  (or  slots!  may  be  regarded  as  a  usual  trailing  edge  flap,  which  produces  a  flow 
with  a  cross  component  directed  towards  the  leading  edge. 

The  slot  width  should  allow  the  maximum  lirt  condition  shown  by  I.jungstrom  to  be 

verified,  i.e.  the  boundary  layer  on  the  flap  and  the  wake  of  the  main  wing  should  merge 


at  the  leading  edge.  This  should  be  regarded  as  a  first  design  criterion,  although 
such  a  condition,  in  highly  three-dimensional  flows,  must  be  verified  by  means  of  a 
proper  series  of  tests. 

This  research  was  intended  to  make  a  preliminary  analysis  of  the  effect  of  this  kind  of 
slots  on  a  delta  wing,  and  confirmed  the  correctness  of  the  principle  of  boundary 
layer  segmentation.  As  first  step,  it  was  necessary  to  find  the  locatior  of  the 

secondary  separation  line,  at  a  "design"  angle  of  attack.  Of  course  the  blowing 

slot  must  be  located  upstream  this  line,  directed  towards  the  leading  edge,  in  order  to 
succesful 1 y  prevent  separation  effects.  In  the  actual  experimental  investigation,  a 
first  series  of  tests  was  performed,  in.  order  to  determine  both  "design"  angle  of  attack 
and  secondary  separation  line  location,  using  an  unslotted  delta  wing  model.  As  "design" 
angle  of  attack,  the  one  giving  the  maximum  overall  lift  on  such  a  model ,  was  chosen,  as 
it  seemed  to  be  a  reasonable  starting  point.  On  the  basis  of  the  results  so  obtained, 
a  new  slotted  wing  was  constructed,  having  the  same  geometry  1  except  for  the  slot', 
and  it  was  tested  as  illustrated  in  the  following. 


TESTING  EQUIPMENT  AND  METH0D01  OGlES 


1 1  —  1  The  delta 


The  experimental  research  was  carried-out  using  two  delta  wing  models  having  the  same 
geometry  ( swept  angle  60  degrees,  maximum  thickness  16  mm,  semi -span  404  mm,  and  root 
choru  C  =700  mm),  but  with  a  slot  on  the  second  one,  able  to  control  the  boundary  layer 

. _ -  .  on  the  upper  surface,  near  the  leading 

edge  of  the  wing  (see  Fig.l>.  For  ease 
J  of  construction,  the  wing  was  not  conical , 

s'  )  but  it  consisted  of  two  parallel  planes, 

s''  |  connected  by  the  surface  of  a  circular 

s'  s*  cylinder  passing  through  the  leading 

s'  edge  and  tangent  to  the  upper  plane,  as 

s'  y^y/7  shown  in  figure  1.  This  departure  from 

s^ /  conical  geometry  was  nevertheless  rather 

/  •"'•jT'y  small  and  seemed  not  compromise  signi- 

s'  s'//\~****m  /  ficartly  the  hvpotesis  of  conical  flow. 

s'  s'  Jr  'Y  The  first  model  permitted  to  determine, 

s'  S\ . /  with  a  preliminary  series  of  pressure 

pc  S  /  measurements ,  the  position  of  the 

sS  . . /  secondary  separation  line  on  the  upper 

sS  surface  of  the  wing  and,  therefore,  the 

location  of  the  slot  on  the  serond  model, 
^  of  more  complex  construction.  Such  a 

position,  at  given  wing  geometry,  is  of 
aoa  course  a  function  of  the  angle  of  attack. 

In  order  to  carry-out  the  tests  in 
*•••  1  meaningful  conditions,  an  angle  of  attark 

GEOMETRY  OF  THE  DELTA  WING  HALF  MODEL  AND  of  25  degrees  was  selected.  At  this 

LOCATION  OF  PRESSURE  TAPPINGS.  angle,  a  sufficiently  strong  secondary 

separation  was  noticed,  while  the  flow 
1  still  presented  an  organized  vortical 

structure,  not  yet  affected  by  significant 
bursting  phenomena.  The  second  wing  model  was  composed  by  a  fixed  part  and  by  a  movable 
1  eading  edge,  among  which  a  slot  of  conical  geometry  was  obtained,  in  order  to  segment 
the  boundary  layer  on  the  upper  surface  of  the  wing  (see  Fig.l).  The  width  of  the  slot 
could  be  varied  with  relative  movements  of  the  two  elements,  either  in  the  plane  of  the 
wing,  or  in  direction  perpendi cular  to  it.  This  permitted  to  control  the  flow  in  the 
slot  modifying  in  the  least  possible  way  the  overall  geometry  of  the  wing,  with  respect 
to  that  of  the  unslotted  model.  It  was  also  possible  to  rotate  the  movable  leading 
edge,  in  a  similar  way  as  it  can  be  done  in  conventional  trailing  edge  flaps.  As  the 
purpose  of  this  preliminary  work  was  to  state,  in  principle,  the  effect i veness  of 

boundary  layer  segmentat i on ,  neither  the  slot  width  nor  the  slat  deflection  were 

changed  systematically.  The  optimization  of  these  parameters  will  be  investigated  in 
future  research. 


1 1 -2  Pressure  measurements 


The  presence  of  secondary  separation  and  the  effect  of  boundary  layer  segmentat i on  on 

the  leading  edge  of  the  wing  have  been  at  first  investigated  by  means  of  pressure 


measurements  -\nd,  afterwards,  by  means  of  measurements  of  concen  t  rat  i  or  of  a  trannj 
gas  (Helium).  On  the  wing  models  a  series  of  1 ?n  pressure  tappings,  placed  on  five 
stations  along  the  chord  ( respect ively  at  33,  46,  57,  71  and  83  per  rent  of  the  root 
chord i  were  made.  The  measurement  stations  are  perpendi  nil ar  to  the  wing  rertrr- 
line.  Measurements  of  pressure  coefficients  were  performed  bv  means  of  a  Scanivalve 
system,  controlled  by  a  microcomputer  capable  of  automatic  data  processing  and  plotting. 
Each  measurement  was  repeated  several  times  and  the  values  on  the  diagrams  are  avorna- 
values  between  a  minimum  of  10  and  a  maximum  of  60  readings  per  point.  The  number  of 
readings  was  determined,  time  by  time,  according  to  the  values  of  standard  deviation 
required  <  lO”*'  approx.).  This  permitted  to  achieve  a  good  repeat  ah  i  1  i  t  v  of  measurements 
and  allowed  to  limit  the  influence  of  random  pressure  fluctuations.  In  particular, 

for  the  comparison  between  the  pressure  distributions  at  "design”  angle  of  attack. 
readings  per  point  were  always  carried-out . 

The  wing  models  were  fixed  on  the  center-line  to  a  disc  connected  to  an  el  or t romcchan i cal 
device  able  to  change  the  angle  of  attack  of  the  wing. 


I  I -3  The  tracing  gas  technique 

The  dev  elopment  of  a  vortical  flow  can  be  followed  by  injecting  in  ’  ♦  a  ^racing  ga«=  'He¬ 
lium,  in  the  present  case'  and  detecting  its  concent ra t i on  at  different  locations  in 
the  flow  field,  downstream  the  injection  point  ' 2 ) .  This  technique  has  already  been 

succesfully  «applied  to  the  study  of  the  rolling-up  of  the  viscous  sheet  oroduced  hv 

low  aspect  ratio  rectangular  wings,  as 
vortex  generators  '3'.  The  results  so 

obtained  were  in  good  agreement  with  those 
resulting  from  potential  theory  cal rul at i  ms. 
An  trample  of  such  an  application  i«  showr 
in  figure  2.  In  the  lower  part  of  this 
figure,  the  distribution  of  Helium  concen 
tration,  correspond! ng  to  the  B  station, 
is  reported.  Tn  the  upper  part  of  the 
same  figure,  the  comparison  between  the 
shape  of  the  wake,  determined  numerically, 
and  the  position  of  the  peaks  of  Helium 
concent  rat i on ,  resulting  from  several 

measurements  similar  to  the  one  of  station 
B,  is  presented  '41.  The  concent  rat i on 
of  the  tracing  gas  was  measured  bv 


of  a  special  hot-wire  anemometric  probe,  designed  for 
this  purpose,  which  is  schematically  shown  in  Figure  3. 
The  operating  principle  of  such  device  is  based  on 
the  varaiation  of  specific  heat  of  air-Helium  mixtures, 
m  a  function  of  relative  concent  rat i on  of  the  two 

gar«-s.  In  this  case,  the  two  hot-wire  probes  are 
used,  at  known  velocity,  to  determine  the  concent  ration 
o  f  the  tracing  gas  in  the  mixture,  according  to  the 
measurement  of  the  specific  heat. 

In  one  of  the  two  channels,  where  the  probes  are  located, 
the  mixture  of  unknown  composition  is  sucked  from  the 
measurement  point,  while  in  the  other  channel,  pure  air 
{  at  same  temperature)  is  sucked.  The  measurement  of 
the  concentration  is  therefore  obtained  comparing  the 
signals  supplied  by  the  two  probes.  It  is  not  then  an 
absolute  value,  as  it  happens  in  other  similar  systems. 
In  order  to  obtain  a  measurement  independent  from  the 


a 

SCHEMATIC  VIEW  OP  THE  PROBE 
FOR  HELIUM  CONCENTRATION 
MEASUREMENTS. 
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speed  inside  the  channels,  two  sonic  throats  are 
placed,  downstream.  The  speed  of  sound  is  a 

function  of  the  molecular  masses  and  of  the  number 
of  atoms  which  constitute  the  molecules  of  the 
sucked  mixtures,  and  therefore,  of  the  tracing  gas 
concentration.  This  implies  an  increase  in  the 

sensitivity  of  the  instrument.  The  maximum 

sensitivity  is  obtained  when  the  tracing  gas  is 
monoatomic  and  with  low  molecular  weight.  Among 
commercial  gases,  Helium  has  been  chosen,  as  it 
presents  also  the  advantage  of  being  an  inert  gas 
not  dangerous  to  handle. 

In  the  present  application  of  the  tracing  gas 
technique,  Helium  was  injected  on  the  upper  surfa 
ce  of  the  wing,  close  to  the  slot  location,  at  57< 
of  the  root  chord.  This  location  corresponds  to 
the  third  chordwise  station  where  the  pressure 
measurements  have  been  performed.  The  Helium 

concentrat ion  was  measured  in  a  region  covering 
the  whole  extension  of  the  slat,  located  at  71< 
of  the  root  chord .  This  position  corresponds  to 
the  fourth  chordwise  station  where  measurements  of 
pressure  have  been  carried  on.  The  spanwise  tracfc 
of  the  probe  was  parallel  to  the  lower  surface  of 
the  wing.  Measurements  were  repeated  for  both  the 
•lotted  and  unslotted  configurations. 

The  tracing  gas  technique  is  particularly  suitable  for  the  study  of  vortical  flows,  as 
the  effect  of  a  moderate  suction  through  the  probe  compensates  for  the  deceleration  die 
to  its  presence,  and  therelore  does  not  promote  vortex  bursting. 
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BOUNDARY  LAYER  SEGMENTATION  EFFECTS 
ON  PRESSURE  RECOVERY. 


Til  -  RESULTS 

1 1 1  —  1  Pressure  measurements 

Or  the  basis  of  the  pressure  measurements  carried  out  on  the  two  delta  wing  models, 
it  can  be  stated  that  boundary  layer  segmentation  allows  a  considerable  displacement  of 
the  secondary  separation  line.  A  significant  oressure  recovery  is  obtained  near  the 

leading  edge  of  the  wing,  as  shown  in  figure  4.  This  appears  clearly  also  from  the 
examination  of  figures  5,  6  and  7,  in  which  the  pressure  distr  butioos  on  the  wins®  are 

reported,  at  an  angle  of  attack  of  25  decree**, 
chosen  as  "design”  condition.  Please  rot r  that 
ror  clearness  of  representation,  a"d  due  to  the 
lack  of  pressure  tappings  near  the  leading 
rtdge  of  the  wing,  the  pressure  distributions 
on  the  upper  and  lower  surfaces  of  the  wing 
have  been  arbitrarily  closed,  assuming  a  zero 
value  for  both  of  them  on  the  leading  edge. 

As  it  can  be  noted,  the  secondary  separation 
line,  which  was  located  at  about  80<  of  the 
local  semispan,  in  most  part  of  the  wing,  has 
moved,  in  the  first  three  stations  along  the 
chord  (X/r -0.13,  0.46  and  0.571,  beyord  the 
last  measurement  point  along  the  span,  situated 
approximately  at  95<  of  the  local  spa^  (Fig.  7  >. 
Also  in  the  stations  more  downstream  (X/C-O.71 
and  0.821  a  similar  result  has  been  obtained, 
even  if  slightly  weaker.  This  is  probably  due 
to  the  onset  of  vortex  breakdown  phenomena 
which  have  reduced  the  effectiveness  of 

boundary  layer  segmentat ion .  Anyhow,  the 

secondary  separation  seems  to  be  located,  also 
in  this  region,  over  85<  of  the  local  chord. 
This  result  has  been  also  confirmed  by  a  series 
of  flow  visualizations,  which  has  permitted  to 
find  out  the  region  of  separated  flow  or  the 
slat.  While  without  boundary  layer  control, 

flow  separation  is  present  on  the  whole  surf >«* 
of  the  slat,  that  is  20<  of  the  local  span,  in 


PRESSURE  DISTRIBUTION  ON  THE 
UNSLOTTEO  DELTA  WING  MODEL  AT 
"DESIGN"  ANGLE  OF  ATTACK. 


low  angles  of  attack  (25  degrees),  as  indicated 
on  figure  7,  but  also  on  the  whole  wing  at 
higher  angles  (40  degrees,  Fig.  9  ). 

The  effect  of  the  reduction  of  secondary 
separation  on  the  normal  force  coefficient  of 
the  wing,  is  considerable  especially  in  the 
front  region  of  the  wing,  as  shown  in  figure  10. 
"This  effect  is  accompanied  by  the  displacement 
of  the  center  of  pressure  towards  the  centerline 
of  the  wing.  This  last  effect  can  contribute 
in  a  sensible  way  to  the  reduction  of  structural 
stresses  on  the  wing.  In  the  test  conditions 
examined,  such  effects  become  weaker  in  t he  rear 
part  of  the  wing.  This  is  probably  due  to  the 
onset  of  primary  vortex  bursting.  Also  to  this 
respect,  it  is  possible  that  the  not  perfect 
conicity  of  the  wing  plays  a  not  negligible 
role,  which  does  not  permit  to  evaluate  in  a 
deeper  way  the  effect  of  boundary  layer 
segmentation  on  the  normal  force  coefficient  of 
the  wing.  Unfortunately,  also  the  available 
numerical  methods  (5),  which  generally  neglect 
the  thickness  of  the  wing,  are  not  suitable  for 
a  comparison  of  this  kind  with  experiments. 


IT  I -2  The  measurements  of  Helium 
concentration 

The  analysis  of  the  tracing  gas 
concentration  profiles  confirms 
the  displacement  of  the  secondary 
separation  line  and  the  reduction 
in  the  dimensions  of  the  related 
secondary  vortex.  Unlike  the 

measurements  reported  in  figure  2, 
the  presence  of  not  negligible 
turbulence  levels,  did  not  allow 
to  detect  concentration  peaks 
corresponding  to  the  rolling-up  of 
the  vortex  sheet.  Anyway,  figure 
11  shows  that,  while  with  closed 
slot  an  almost  constant 

concentration  distribution  is 

present,  with  open  slot  such  a 
distribution  is  strongly  modified. 

Almost  no  concentration  is 


measured  in  correspondence 
of  the  slot  location, 
tdiile  a  maximum  is  present 
close  to  the  leading  edg^ 
at  about  two  thirds  of  the 
span  of  the  slat.  The 
presence  of  a  turbulent 
separation,  in  case  of 
closed  slot,  produces, 
without  any  doubt,  a 
stronger  diffusivity  of 
the  gas,  and  gives  reason 
of  the  absence  of  strong 
concentration  peaks.  In 
case  of  open  slot,  on  the 
contrary,  a  concentration 
peak  is  detected,  due  to 
the  presence  of  a  small 
secondary  vortex,  as  shown 
In  the  schematic  view  of 
figure  12.  In  this  cas* 
the  reduction  to  aero  of 
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the  Helium  concentration,  in  correspondence  of  the  slot,  is  due  to  the  fact  that  it 
flows  in  the  boundary  layer  attached  to  the  wing  surface,  below  the  measurement  section. 


IV  -  CONCLUSIONS 

According  to  the  results  of  the  present  research,  it  can  be  concluded  that  it  is 
possible  to  reduce,  if  not  suppress,  the  secondary  separation  region  on  highly  swept 
leading  edges,  by  means  of  a  proper  boundary  layer  segmentation. 

Boundary  layer  segmentation  has  proved  to  be  an  effective  means  of  separation 

control,  also  in  strongly  three-dimensional  flows. 

One  of  the  limits  of  the  present  research  derives  essentially  from  technological 

problems,  which  have  not  permitted  to  measure  the  pressures  in  points  situated  very 
close  to  the  leading  edge  of  the  wing,  as  it  would  be  desirable  in  further  development 
of  the  researches. 

Another  limit  is  due  to  the  preliminary  aspect  of  this  work,  during  which  optimization 
of  the  slot  geometry  has  not  been  attempted.  This  has  resulted,  on  the  contrary, 

to  be  a  foundamental  parameter.  A  deeper  study  of  the  flow  inside  the  slot  seems 

to  be  therefore  essential,  in  order  to  evaluate  the  actual  applicability  of  this 
technique.  Of  course  such  a  research  requires  to  determine  some  characteristic 

parameters  of  the  boundary  layer,  and  has  to  be  performed  with  more  complex 
methodologi es . 

Due  to  the  turbulence  associated  to  the  secondary  separation,  the  results  obtained 
by  means  of  the  tracing  gas  technique  have  revealed  a  more  difficult  interpretation 
in  case  of  secondary  vortices  than  in  case  of  primary  ones.  The  tracing  gas 

technique  can  be  therefore  more  useful  in  case  of  laminar  separations,  ever  if  also 
in  the  present  case,  it  has  permitted  to  determine  clearly  the  different  jhencmCTiolqgi es 
associated  to  the  presence  or  not  of  boundary  layer  control . 

Besides,  the  applications  of  boundary  layer  segmentation  to  the  control  of 

three-dimensional  separations,  are  not  limited  to  delta  wings,  as  examined  in  the 
present  research,  but  can  reasonably  be  extended  to  many  other  cases,  not  only  in  the 
aeronautical  field. 
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Spanwlse  blowing  over  the  wing  and  canard  of  a  1:35  model  of  a  close-coupled-canard  fighter-airplane 

low-speed  flow.  Tests  were  con- 
mean  aerodynamic  chord)  wlthangle- 
■jatiacit  sweeps  irom  -t^  xo  ou~v ana  yaw-angie  sweeps  rrom  -a-  to  jo^“4t  fixed  angles  of  attack  0*7  107? 
20*1  25^?  30*7  and  357?  Significant  Improvement  In  lift-curve  slope,  maximum  lift,  drag  polar  and  lateral/ 
directional  stability  was  found,  enlarging  the  flight  envelope  beyond  Its  previous  low-speed/maximum-lift 
limit.  In  spite  of  the  highly  swept  (60fS  leading  edge,  the  efficiency  of  the  lift  augnentation  by  blowing 
was  relatively  high  and  was  found  to  Increase  with  increasing  blowing  momentun  on  the  close-coupled-canard 
configuration.  Interesting  possibilities  of  obtaining  much  higher  efficiencies  with  swirling  jets  were 
Indicated. _ 


LIST  OF  SYMBOLS 


Cq  drag  coefficient.  Including  jet  thrust 

Cl  lift  coefficient,  including  jet  thrust 

cLmax  coefficient.  Including  jet  thrust 

aCl  lift  Increment  due  to  blowing.  Including  jet  thrust 
CN  yawing-moment  coefficient,  including  jet  thrust 
Cp  rolling-moment  coefficient.  Including  jet  thrust 
Cy  side-force  coefficient.  Including  jet  thrust 

C„  jet-momentum  coefficient,  equal  to  the  product  of  the  jet  mass  flux  and  Its  exit  velocity  normalized 
by  the  free-flow  dynamic  pressure  and  the  wlng-planform  area 

Re  Reynol ds  number 

a  angle  of  attack 

*  yaw  angle 

Subscripts 

B  relative  to  the  body  frame  of  reference 

c  on  the  canard 

T  net  aerodynamic  coefficient  corrected  for  jet  thrust 
w  on  the  wing 


1.  INTRODUCTION 

One  of  the  persistent  goals  In  the  design  of  advanced  tactical  fighter  aircraft  has  been  the 
generation  of  additional  usable  lift.  It  Is  required  for  Improved  maneuverability  (this  Is  also  true 
for  the  new  generation,  highly  maneuverable  air-to-air  missiles)  and  for  good  low-speed  performance 
in  takeoff  and  landing.  Since  the  limits  of  conventional  linear-lift  have  been  reached,  current  modern 
designs  use  nonlinear,  or  vortex  lift,  which  Is  characteristic  of  slender  wings  and  of  moderately  swept 
wings  with  sharp  leading  edges.  The  leading-edge-vortex  phenomenon  has  been  understood  for  many  years 
(e.g..  Ref.  1).  At  moderate  to  high  angles  of  attack  the  flow  separates  from  the  leading  edge.  The 
favorable  spanwlse  pressure  gradient  causes  the  separating  vortex  sheet  to  reattach  behind  the  leading  edge 
and  to  roll  up  Into  a  steady  vortex  over  the  leading  edge  (Fig.  1).  The  high  velocities  and  low  pressures 
Induced  on  the  wing  under  the  vortex  produce  the  additional  lift.  Polhaaws,  In  his  well-known  Suction- 
Analogy  (Ref.  2),  estimated  the  maxlmtae  lift  that  can  be  obtained  In  this  way.  The  Influence  of  the  vor- 
tlclty,  shed  from  the  leading  edge,  on  the  whole  flow  field  and  on  the  aerodynamic  characteristics  of  an 
aircraft  or  missile  configuration  can  be  computed  by  a  nonlinear  vortex-lattice  method  (Ref.  3). 

The  use  of  vortex  lift  Is  limited  by  vortex  bursting  or  breakdown,  which  Is  characterized  by  a  sudden 
expansion  of  the  vortex  about  a  rapidly  decelerating  core,  with  subsequent  vortex  disintegration  and  loss 
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of  the  orderly  vortical  flow.  As  the  angle  of  attack  Is  Increased,  the  point  of  vortex  breakdown  moves 
upstream,  causing  loss  of  lift  and,  finally,  stall  (Ref.  A). 

While  leading-edge  vortices  on  slender  highly  swept  wings  are  stable  at  moderate  to  high  angles  of 
attack,  moderately  swept  wings  that  are  in  comnon  use  on  fighter  aircraft  suffer  from  vortex  breakdown  at 
low  angles  of  attack  (e.g.,  Fig.  3  of  Ref.  5),  or  sometimes  do  not  produce  leading-edge  vortices  at  all 
(Ref.  6).  Consequently,  Kuchemann  (Ref.  7)  suggested  a  compromise  between  the  contradictory  requirements 
of  fighter  wings  by  combining  coiled  vortex  sheets  originating  from  the  inboard  parts  of  the  wing  with 
conventional  attached  flow  over  its  outboard  parts.  This  led  to  a  hybrid  wing  design  including  concave 
double-delta  wings,  straked  wings,  or  close-coupled-canard  configurations  (Ref.  8).  In  these  designs  a 
vortex  emanating  from  the  Inboard  elements  (slender  delta,  strakes,  or  canard)  produces  a  leading-edge 
vortex  on  the  moderately  swept  outer  part  of  the  wing  or  stabilizes  an  existing  one.  These  devices  are 
essential  for  the  nonlinear  lift  of  moderately  swept  wings  (Ref.  6),  and  also  work  in  delaying  the  vortex 
breakdown  of  highly  swept  wings  to  still  higher  angles  of  attack  (e.g.,  the  Swedish  Viggen  aircraft. 

Ref.  9,  or  the  Israeli  Kfir-C2  aircraft). 

Although  much  has  still  to  be  learned  about  the  basic  mechanism  of  the  vortex  breakdown  (Ref.  10), 
Cornish’s  description  of  the  fluid-mechanic  processes  involved  (Ref.  11)  enabled  him  to  apply  vortex  con¬ 
trol  in  subsonic  flow  by  blowing  a  high-velocity  jet  down  its  core.  There  is  still  some  disagreement  about 
why  and  how  this  method  works.  Cornish  thought  that  the  low-speed,  highly  vortical  core  was  removed 
through  entrainment  by  the  high-speed  jet.  Dixon's  observations  (Ref.  12)  indicated  that  the  jet  and  the 
vortex  did  not  mix  until  the  jet  had  expended  most  of  its  energy.  These  observations  were  strengthened  by 
later  experiments  with  hot  jets  on  large-scale  vectored-engine-over-wing  (VEO-Wing)  ST01  configurations 
(Refs.  13-15).  Dixon's  contention  was  that  the  Jet  acted  as  a  barrier  to  the  downstream  motion  of  the 
leading-edge  vortex  and  that  vortex  control  was  a  function  of  the  spanwise  entrainment  of  the  free-stream 
flow. 


In  spite  of  the  disagreement  concerning  the  nature  of  the  phenomenon,  the  feasibility  and  potential 
benefits  of  spanwise-blowing  (SWB)  in  low-speed  flow  were  proven  by  the  results  of  many  experimental  pro¬ 
grams.  Dixon  pioneered  the  SWB  with  his  flat-plate  experiments  (Ref.  16)  and  was  closely  followed  by 
Cornish's  SWB  over  a  flap  (Ref.  11)  and  Poisson-Quintoo's  SWB  over  wings  (Ref.  17).  The  investigation 
developed  further  by  testing  many  wing  planforms  and  configurations  (Refs.  5,  6,  8,  18,  19),  and  some 
research  aircraft  configurations  (Refs.  8,  13,  14,  15,  20,  21).  All  these  investigations  (and  many  more 
not  mentioned  here)  concluded  that  SWB  generates  significant  lift  increments  and  Improves  the  drag  polars 
at  high  angles  of  attack,  with  no  loss  (and  in  some  cases  a  slight  Improvement)  in  longitudinal  static  sta¬ 
bility,  and  usually  with  a  significant  improvement  in  lateral /di rectional  stability  and  a  delay  in  the 
departure  conditions  (e.g..  Ref.  8).  Comparisons  with  other  high-lift  devices  have  led  to  the  conclusion 
that  SWB  is  more  effective  at  high  angles  of  attack  (e.g..  Refs.  5,  8)  and  may  be  an  alternative  to  mechan¬ 
ical  flaps  or  strakes. 

The  efficiency  of  SWB  is  also  in  question.  It  is  addressed  in  most  of  the  investigations  as  the  ratio, 
AC./CU,  between  the  lift-coefficient  Increment  (aCi )  and  the  thrust  coefficient  of  the  spanwise  Jet  (or 
jet-momentum  coefficient,  C„,  which  is  the  jet  contribution  to  the  lift  when  vectored  vertically  downwards). 
This  ratio  (rather  than  the  ratio  of  the  negative  drag  Increment  at  a  given  u  to  the  Jet-momentim  coeffi¬ 
cient)  Is  used  because  the  main  aim  Is  to  increase  Cl^j.  This  efficiency  is  higher  than  1.0  at  angles  of 

attack  that  are  typically  higher  than  10°.  The  highest  efficiencies  are  reported  at  the  lowest  blowing 
rates  (Ref.  19)  because  of  the  small  Cu  in  the  denominator.  As  the  blowing  rate  is  Increased,  the  effi¬ 
ciency  decreases  because  of  the  diminishing  lift  Increments  (Ref.  8).  The  goal  of  the  highest  possible 
maximun  lift  (Cl<mx)  would  therefore  mean  a  low-efficiency,  high  blowing  rate.  Furthermore,  the  evaluation 

of  SWB  potential  improvements  in  overall  aircraft  performance  should  also  account  for  the  loss  in  thrust 
from  bleeding  off  engine  air  for  the  SWB.  Several  Investigators  have  subtracted  the  thrust  of  the  Jet  from 
the  engine  thrust  and  have  come  up  with  very  promising  results.  Campbell  (Ref.  19)  concluded  that  SWB 
increases  the  specific  excess  power  at  load  factors  above  1.0  and  allows  higher  load  factors  to  be  attained 
before  reaching  the  lift  limit.  Dixon,  Theisen,  and  Scruggs  (Ref.  22)  estimated  that  the  A-7  Corsair  II 
aircraft  could  substitute  SWB  for  all  of  its  high-lift  devices  at  a  co. ►  of  only  15*  of  its  thrust. 
Staudacher  et  al.  (Ref.  8)  were  also  optimistic  for  the  low-speed  region,  where  the  flight  envelope  wa* 
limited  by  the  attainable  maximum  lift  (that  could  be  Improved  by  SWB)  while  excess  thrust  was  available. 
Erickson  (Ref.  23)  was  less  optimistic  when  he  found  a  27*  reduction  in  thrust  of  the  F-5E  at  the  rela¬ 
tively  low  blowing  rate  of  0.012,  and  a  corresponding  reduction  in  specific  excess  power  available  for 
maneuvering.  One  should,  however,  heed  Erickson's  remarks  that  SWB  may  be  practical  when  used  with  new 
and  suitable  engines.  An  example  of  such  innovative  thought  is  the  VEO-Wing  concept  (Refs.  13-15).  where 
up  to  16*  of  the  engine  exhaust  was  diverted  to  the  SWB  system. 

Erickson's  investigation  of  an  existing  fighter  configuration  (Ref.  23)  Is  of  particular  Interest 
because  it  provides  Information  about  the  effects  of  SWB  on  its  overall  high-angle-of-attack  aerodynamic 
characteristics.  This  Is  an  area  of  ongoing  Interest,  as  can  be  evidenced  by  the  NASA/DFRC-LaRC  F-4C 
flight-test  program.  Therefore,  for  the  present  investigation  it  was  decided  to  test  existing  fighter- 
airplane  configurations  at  the  Technion,  Israel  Institute  of  Technology  (IIT).  The  aircraft  chosen  for 
this  test  was  the  basic  low  delta-wing  airframe  of  the  Dassault  Nirage-IIIC  that  closely  resembled  the 
IAI  Kflr-Cl ,  and  when  equipped  with  a  canard  reseebled  also  the  configuration  of  the  IAI  Kf1r-C2. 

Whereas  most  of  the  configurations  tested  in  the  previously  discussed  references  had  moderately  swept 
wings,  this  configuration  had  a  60”  swept  delta  wing.  The  highly  swept  wing  was  chosen  for  obvious  practi¬ 
cal  reasons,  although  it  was  known  (Refs.  18,  19)  that  SWB  is  more  efficient  on  wings  of  lower  sweep; 
highly  swept  leading  edges  generate  a  sizable  amount  of  natural  vortex  lift  that  usually  could  not  be 
Increased  by  SWB.  Blowing  only  increased  the  maximum  lift.  Lift  augmentation  throughout  the  angle-of- 
attack  envelope  that  was  measured  in  the  present  investigation  was,  therefore,  unexpected  and  the  investi¬ 
gation  concentrated  on  delaying  the  vortex  breakdown  and  on  increasing  the  maxiaua  lift.  Because  this 
aircraft  (like  many  others)  was  limited  in  high-lift  maneuvers  by  lateral/directional  stability  and  control 
considerations  rather  than  by  stall,  special  attention  had  to  be  paid  to  Its  stall-departure  characteris¬ 
tics.  The  first  stage  of  the  Investigation  was  conducted  in  a  low-speed  wind  tunnel,  and  it  is  assumed 
that  the  low-speed  data  presented  here  are  Indicative  of  lift  and  drag  augmentation  at  speeds  up  to  the 


33-3 


critical  Mach  number  (Ref.  20).  Furthermore,  at  the  low-speed  end  of  the  flight  envelope  aircraft  are 
usually  limited  by  their  maximum  lift,  while  they  still  have  ample  excess  power.  It  is,  therefore,  in 
this  speed  regime  that  the  spanwlse  blowing  can  most  effectively  Improve  maneuverability.  Improving 
maneuverability  in  the  transonic  speed  range  would  also  be  desirable,  but  vortex  stabilization  by  SUB  from 
the  fuselage  would  require  impractical  blowing  rates  (Ref.  8).  Transonic  performance  can  be  Improved  by 
local  blowing  from  the  wing  (Ref.  24)  but  that  is  a  result  of  shock-induced-separation  control  rather  than 
vortex  stabilization.  Therefore,  transonic  testing  would  have  to  be  done  at  a  later  stage. 

In  addition,  the  investigation  includes  a  comparison  of  SWB  with  the  effects  of  the  canard,  a  symmet¬ 
ric  blowing  (to  study  the  effects  of  a  malfunctioning  blowing  system),  and  blowing  of  swirling  jets  (to 
evaluate  the  various  theories  on  the  SWB  mechanism). 


2.  EXPERIMENTAL  APPARATUS  AND  TESTS 

2.1  The  Model 

The  model  used  In  this  study  (Fig.  2)  Is  a  l:35-scale  metal -reinforced  plastic  replica  of  the  aircraft 
with  the  twin  inlets  faired  over.  The  model  has  a  low  delta  wing  with  a  relatively  sharp  leading  edge  that 
has  a  conical  droop  and  is  swept  back  60°.  The  basic  model  (no  canard)  Is  designated  as  Configuration  A 
in  the  following  discussion.  The  same  model  can  also  be  equipped  with  a  canard  mounted  on  the  engine 
inlets  at  a  height  of  0.31  local  fuselage  diameter  above  the  wing.  The  canard  has  a  leading-edge  sweep 
angle  of  45°  and  a  span  of  44*  of  the  wing  span  (fuselage  included).  "  model  with  the  canard  is  desig¬ 
nated  as  Configuration  B. 

Four  convergent  steel  nozzles  were  installed  in  the  model,  two  on  each  side  of  the  fuselage,  one 
above  the  wing  and  one  above  the  canard.  The  wing  nozzles  (2.3  urn  in  diameter)  Issued  a  jet  parallel  to 
the  wing  leading  edge.  Their  location,  one  diameter  above  the  wing  surface  and  10*  of  the  root  chord 
from  the  leading  edge,  was  determined  by  preliminary  tests  on  a  larger  model  (not  reported).  The  effects 
of  the  vertical  position  on  the  blowing  were  rather  small.  The  axial  location  had  a  somewhat  stronger 
influence,  with  the  blowing  becoming  more  effective  as  the  nozzles  were  moved  aft.  The  location  used  in 
the  present  experiments  was  the  farthest  aft  that  was  consistent  with  the  structure  of  the  Inlets  of  the 
existing  aircraft.  The  canard  nozzles  had  a  1.3  aw  dlamet  -  and  their  location  relative  to  the  canard 
was  similar  to  the  location  of  the  wing  nozzles  relative  to  the  wing. 

2.2  The  Blowing  System 

Compressed  air  at  pressures  up  to  8  atm  was  supplied  to  the  model’s  nozzles  from  the  laboratory's 
low-pressure  system  through  flexible  hoses  along  the  model  sting- support,  and  through  stainless  steel 
tubes  inside  the  model.  Air  could  be  blown  from  any  single  nozzle  when  asymmetric  blowing  was  investi¬ 
gated;  or  from  all  four  nozzles  simultaneously,  or  separately  from  the  wing  or  canard  nozzles  only. 

Swirling  jets  were  obtained  from  the  same  nozzles  by  inserting  drill  bits  because  good  swirl  nozzles 
could  not  be  manufactured  due  to  their  small  size.  Swirl  direction  was  controlled  by  using  right-  or 
left-hand  bits.  The  Inserts  reduced  the  nozzle  cross-section  area  by  about  75*.  It  is  not  known  how 
much  swirl  was  actually  Imparted  to  the  jets  by  this  method. 

2.3  Wind  Tunnel  and  Instrumentation 

The  tests  were  conducted  in  the  1  m  »  1  m  (3-ffl  long)  test  section  of  the  low-speed  atmospheric  wind 
tunnel  of  the  Aeronautical  Research  Center,  Technlon,  I IT .  Airspeed  in  all  of  the  tests  was  30  m/sec  with 
a  corresponding  Reynolds  number  of  -1,8  «  10‘/m  or  1.8  «  10s,  based  on  the  mean  aerodynamic  chord. 

The  model  was  mounted  on  a  six-component  internal  strain-gage  sting  balance,  and  the  data  were 
acquired  and  reduced  to  aerodynamic  coefficients  by  an  NEFF620/Elb1t-CR  17  data-acquisition/computer 
system.  Forces  were  conventionally  normalized  by  the  free-stream  dynamic  pressure  and  the  wing  area; 
moments,  measured  relative  to  a  reference  point  at  48*  of  the  root-chord,  were  normalized  with  the 
mean  aerodynamic  chord.  The  longitudinal  aerodynamic  coefficients  were  computed  in  the  wind  frame  of  ref¬ 
erence  whereas  the  lateral  coefficients  were  computed  and  presented  in  the  body  frame  of  reference. 

2.4  Force  Tests 

The  longitudinal  aerodynamic  coefficients  were  measured  at  0°  yaw  angle  during  angle-of-attack  sweeps 
f  cm  -8°  to  60°,  and  the  lateral  coefficients  were  measured  during  yaw-angle  sweeps  from  -8°  to  36°  at 
fixed  angles  of  attack  of  0°,  10°,  20°,  25°,  30°,  and  35°.  Blowing  stagnation  pressures  were  4,  6,  and 
8  atm  for  the  wing  and  4  and  6  atm  for  the  canard,  corresponding  to  jet-momentum  coefficients  of  0.05, 

0.07,  and  0.09  on  the  wing,  and  0.016  and  0.022  on  the  canard.  In  the  asymmetric-blowing  tests  on  one 
wing  only,  the  jet-momentum  coefficient  was  0.025,  0.035,  and  0.045,  and  in  the  swirling- Jet  experiments 
it  was  -0.012  (for  a  blowing  pressure  of  4  atm). 

Before  beginning  the  wind-tunnel  tests,  all  the  nozzles  were  plugged  and  the  air-feed  and  blowing 
systems  were  pressurized  to  ensure  that  the  balance  was  not  affected  by  stiffening  of  the  air  hoses  and 
tubes.  The  nozzles  were  then  unplugged  and  the  direct  contributions  of  the  jets  to  the  lift  and  the 
thrust  were  recorded  without  flow  in  the  tunnel,  later  to  be  subtracted  from  the  values  asured  with  flow 
in  the  tunnel.  The  results  presented  here  for  Configuration  A  are  net  aerodynamic  results  corrected  for 
the  contributions  of  the  Jet  momentum.  The  results  for  Configuration  B  were  not  corrected  the  aero¬ 
dynamic  coefficients  include  the  contributions  from  the  Jets;  these  contributions  are  prest  *d  so  that 
the  results  with  thrust  removed  can  be  calculated.  The  correction  for  the  thrust  contributions  1$  the 
aerodynamicist's  way  of  evaluating  the  net  aerodynamic  effects  of  SMB,  but  since  the  actual  aircraft 
experiences  the  total  lift  and  drag,  these  are  show  for  Configuration  B.  The  thrust  loss  should  also  be 
taken  into  account  but  must  be  measured  on  the  actual  engine  (Ref.  23).  It  is  interesting  to  note  that 
the  thrust  resulting  from  the  jets  was  larger  then  the  straw rise  component  of  the  Jet  nomen  teas,  possibly 
because  of  suction  over  the  leading  ed|0  droop. 


2.5  Flow-Visualization  Tests 


Sou*  flow-visualization  tests  were  conducted  using  a  helium  bubble  generator.  Bubbles  are  generated 
by  blowing  a  helluit-alr  stream  through  a  liquid  detergent.  The  bubbles  are  filtered  so  that  only  the 
neutrally  buoyant  bubbles  are  injected  into  the  wind  tunnel  through  a  nozzle  and  follow  the  air-flow 
streamlines.  The  bubbles  reflect  the  light  of  a  high-intensity  spotlight  and  can  be  seen  against  the 
dark  background  of  the  black-painted  model  and  wind-tunnel  walls.  Flow  visualization  was  used  to  study 
the  characteristics  of  the  flow  over  the  wing  and  the  canard  and  to  correlate  them  with  the  force  measure¬ 
ments.  An  example  is  presented  in  Figs.  3  and  4  where  the  model  is  at  an  angle  of  attack  of  -35°.  The 
streamlines  over  a  section  of  the  wing  leading  edge  are  shown  in  Fig.  3a  without  blowing  (Cu  «  0).  The 
flow  is  separated  from  the  leading  edge  onwards.  There  is  no  observable  orderly  pattern  and  some  reversed 
flow  can  be  seen.  When  the  spanwise  blowing  (Cw  -  0.07)  is  turned  on  (Fig.  3b).  the  flow  is  seen  to 
reattach  behind  an  orderly  vortex.  The  vortex  core  is  clearly  defined  with  its  breakdown  occurring  some¬ 
where  over  the  trailing  edge.  Figure  4a  shows  the  flow  over  the  canard  under  the  same  conditions  without 
blowing.  The  canard  does  not  seem  to  have  any  effect  on  the  flow  field.  In  fact,  the  local  flow  seems 
to  be  separated  from  the  canard  and  the  wing.  When  air  is  blown  over  the  canard  and  the  wing 
(C„c  "  0.022,  —  0.07),  a  vortex  is  formed  over  the  canard,  and  the  flow  over  the  vertex  turns  downward 

and  reattaches  to  the  wing  (Fig.  4b). 


3.  RESULTS  AND  DISCUSSION 
3.1  Configuration  A 

Syrunetric  blowing.  The  effects  of  blowing  on  the  lift  coefficient  (corrected  for  the  jet  contribu- 
tion)  are  shown  in  fig.  5.  Contrary  to  previous  experience  with  wings  of  high  sweep  angles  (Refs.  18,  19), 
blowing  not  only  Increases  the  maximum-lift  values,  but  also  increases  the  lift-curve  slope.  The  slope 
increment  at  low  angles  of  attack  (a  <  12°)  was  small  but  unmistakable  and  was  probably  due  to  an  increased 
effective  camber  (Ref.  19).  At  higher  angles  of  attack  there  was  an  appreciable  Increase  in  the  slope  and 
the  maximum-lift  coefficient  was  increased  from  1.37  to  1.67.  The  angle  of  attack  for  maximun  lift  was 
Increased  by  only  about  1°,  from  34°  to  35°.  An  Increase  in  the  Jet-momentim  coefficient  from  Cu  *  0.05 
to  C„  *  0.07  had  a  small  effect,  and  was  unjustifiable  as  far  as  efficiency  was  concerned. 

Figure  6  presents  the  improvement  in  the  drag  polar  after  subtraction  of  the  thrust  of  the  jets. 

There  was  a  slight  decrease  in  the  zero-lift  drag,  possibly  because  of  some  Increase  in  leading-edge  suc¬ 
tion,  and  although  the  drag  for  an-<  other  given  angle  of  attack  was  higher  with  blowing  than  without  blow¬ 
ing,  there  was  a  significant  reduction  in  drag  for  any  given  lift  coefficient.  Blowing  had  no  effect  on 
the  longitudinal  static  stability  except  for  extending  the  stable  region  (not  shown)  to  the  new  Ci_ 
without  pitchup  (e.g..  Refs.  8,  21,  23). 

Asymmetric  blowing.  The  effects  of  asyimnetric  blowing  had  to  be  Investigated  In  order  to  assure  that 
the  control  surfaces  could  cope  with  the  asymmetric  loads  on  the  airframe  In  the  cose  of  a  malfunction. 

The  effects  of  blowing  over  the  left  wing  only  are  shown  in  Figs.  7-10.  The  previous  blowing  coefficients 
of  0.05  and  0.07  were  halved  to  0.025  and  0.035  and  the  lift  Increments  resulting  from  blowing  were  lower 
than  with  sywmetrlc  blowing,  but  by  less  than  50*  (Fig.  7).  Increasing  the  blowing  pressure  to  8  atm  and 
the  blowing  coefficient  to  Cu  -  0.045  brought  the  C|_1|tax  back  to  the  value  of  1.65,  almost  the  value 

achieved  with  Cn  -  0.07.  This  gives  some  insight  into  the  effects  of  blowing  rate,  and  it  seems  that 
Cn  *  0.045  *  0.05  is  the  maximum  needed.  Interestingly,  the  asymnetric  blowing  increased  the  angle  of 
attack  of  maximum  lift  to  o  -  38°. 

Asymmetric  blowing  had  no  detrimental  effects  on  the  lift.  No  new  effects  on  the  drag  or  the  pitch¬ 
ing  moment  were  expected  or  observed.  On  the  other  hand,  effects  on  the  lateral  aerodynamic  coefficients 
were  expected,  but  the  measured  side  force  (thrust  not  removed)  (Fig.  8)  was  small  and  probably  attribu¬ 
table  to  the  jet  thrust.  The  small  asymnetry  of  the  side  force  was  also  observed  without  blowing  and 
must  have  been  the  result  of  some  model  asymetry.  The  sudden  dip  in  the  side  force  at  32°  <  a  <  58° 
and  the  sign  reversal  at  still  higher  angles  of  attack,  that  are  apparently  the  result  of  asymnetric  sep¬ 
aration  and  vortex  shedding  from  the  fuselage,  were  not  affected  by  the  blowing. 

The  trend  of  the  uncorrected  yawing  moment  (Fig.  9)  is  similar  to  that  of  the  side  force.  The  addi¬ 
tional  moment  resulting  from  blowing  is  not  large  and  can  be  controlled  by  the  rudder.  The  effect  on  the 
corrected  rolling  moment  was  more  significant  (Fig.  10).  Blowing  over  the  left  wing  only  and  increasing 
its  lift  had  a  dramatic  effect  at  angles  of  attack  above  12°,  when  it  generated  a  strong  positive  rolling 
moment.  This  continued  up  to  o  »  40°,  when  the  moment  was  drastically  reduced.  The  moment  was  not  too 
large  for  the  ailerons  to  handle;  moreover,  such  an  effect  could  be  used  for  rapid  roll  control  as  an  aid 
to  the  ailerons.  The  sudden  dip  in  the  rolling  moment  at  a  >  32°  without  blowing,  or  at  a  >  36°  «  40° 
with  blowing,  is  again  related  to  the  asymnetric  separation  on  the  nose. 

Swirling  lets.  As  stated  before,  It  was  Cornish’s  contention  (Ref.  11)  that  the  jet’s  function  was 
to  flow  down  the  core  of  the  vortex  and,  acting  like  a  spanwise  line  sink,  remove  by  entrainment  the  low- 
velocity  high-vorticlty  core  flow.  Later  experiments  showed,  however,  that  the  jet  and  the  vortex  did  not 
mix  (Refs.  13-15).  Dixon  (Ref.  12)  on  the  other  hand,  believed  that  the  leading-edge-vortex  breakdown 
phenomenon  was  a  result  of  its  helix  angle  becoming  less  than  42°,  or  a  result  of  the  ratio  of  the  vortex 
swirl  velocity  to  the  axial  velocity  becoming  greater  than  1.12.  This  happened  when  the  vortex  began  to 
turn  downstream.  Dixon  reasoned  that  SUB  prevented  or  delayed  the  vortex  breakdown  by  acting  as  a  barrier 
and  correlated  the  effectiveness  of  SUB  with  its  spanwise  entrainment  of  free-stream  flow.  Increasing  the 
SUB  effects  should  therefore  result  from  Improved  mixing  of  the  jet  with  the  free  stream  and  would  also 
require  the  longest  possible  spanwise  reach  of  the  jet. 

Several  experiments  were  conducted  with  swirling  jets  to  test  these  concepts.  The  swirl  of  the  jet 
could  have  several  effects.  Diverting  some  of  the  jet’s  axial  moment  tax  into  its  circumferential  flow 
should  shorten  its  active  length  and,  therefore,  reduce  its  effectiveness  as  a  barrier.  On  the  other 
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hand,  swirl  should  improve  its  entrainment  characteristics  and  thus  its  effectiveness.  Also,  since  the 
vortex  and  jet  cores  have  a  cannon  boundary,  the  jet's  swirl  should,  according  to  Dixon  (Ref.  12),  reduce 
the  vortex  helix  angle  and,  therefore,  destabilize  the  vortex  when  they  are  counterrotating,  and,  con¬ 
versely,  stabilize  the  vortex  when  they  are  corotating. 

Three  different  swirling- jet  experiments  were  conducted,  one  with  positive  swirl  (the  jets  on  both 
wings  corotating  with  the  leading-edge  vorti-es),  a  second  with  negative  swirl  (both  jets  counterrotating), 
and  a  third  with  negative  swirl  on  the  right  wing  and  positive  swirl  on  the  left.  The  results  were  sur¬ 
prising.  In  spite  of  the  much  lower  jet-momentum  coefficient  ( Cv  «  0.012)  resulting  from  the  reduced 
nozzle  cross-section  area,  a  maximm-lift  coefficient  of  =  1.67  was  obtained  (Fig.  11),  essen¬ 

tially  equal  to  the  one  corresponding  to  axial  blowing  with  Cp  =  0.50  (Fig.  5).  The  highest  lift  was 
obtained  with  the  positive  swirl,  but  the  differences,  due  to  swirl  direction,  are  too  small  to  be  sig¬ 
nificant.  The  same  is  also  true  for  the  drag  polar  (Fig.  12). 

Before  drawing  any  conclusions  from  these  results,  one  has  to  remember  that  the  jet  was  not  truly 
swirling,  but  rather  made  of  two  discrete  jets  emerging  from  the  drill-bit  grooves  at  cross  angles.  It 
is,  therefore.  Impossible  to  speculate  about  the  effects  of  swirl  on  the  stability  of  the  vortex.  It  can 
be  safely  assumed,  however,  that  the  two  jets  improved  the  mixing  and  entrainment  of  the  free-stream  flow, 
resulting  in  the  dramatic  Increase  in  the  lift. 

Lateral  aerodynamics.  The  side  force  acting  on  the  basic  model  (measured  in  the  body  frame  of  ref- 
erence)  increased  with  yaw  angle  and  became  more  nonlinear  with  increasing  angle  of  attack  (Fig.  13).  The 
side  force  also  increased  with  increasing  jet  momentun,  smoothing  the  curves  and  apparently  preventing 
local  separations.  The  stronger  effect  of  the  SWB  was  on  the  yawing  moment  (Fig.  14).  At  the  lower 
angles  of  attack  (a  i  20°)  the  SWB  had  little  effect  (Fig.  14a),  whereas  it  stabilized  the  configuration 
at  the  higher  angles  of  attack  (20°  <  a  <  30°)  up  to  high  yaw  angles,  where  without  blowing  it  was  unstable 
(Fig.  14b).  In  fact,  only  at  a  *  35°  did  blowing  fail  to  stabilize  the  configuration.  This  is  a  good 
example  of  an  airframe  that  was  not  limited  In  angle  of  attack  (a  <  25°)  by  stall,  which  started  only  at 
a  »  -34°,  but  by  lateral/directional  instability,  which  was  postponed  by  blowing  to  a  >  30°. 

3.2  Configuration  B 

SWB  over  the  wing  only.  The  canard  itself  Increased  the  natural  vortex  lift  of  the  wing  by  intensify¬ 
ing  and  stabilizing  its  vortex,  as  can  be  seen  in  the  increased  lift  curve  slope  (solid  curve  in  Fig.  15) 
and  in  the  maximum  lift  (CiH]]ax  *  1.63).  Blowing  over  the  wing  only  on  Configuration  B  further  Increased 

the  vortex  lift  (Fig.  15,  jet  thrust  not  removed).  The  slope  of  the  lift  curve  was  Increased  above  a  *  8” 

and  the  maximum  lift  was  increased  to  1.66  and  1.74  with  blowing  rates  of  Cp  -  0.05  and  0.07,  respec¬ 

tively  (Fig.  15).  As  a  result  of  the  Increase  in  natural  vorticity.  Induced  by  the  canard,  the  efficiency 
of  the  blowing  on  this  configuration  was  lower  than  without  a  canard  (Fig.  5).  Without  a  canard 
aCi/Cu  *  0.28/0.05  ■  5.60  and  aC(_/Cu  -  0.3/0.07  ■  4.29,  whereas  with  a  canard  iCL/C„  1  0.03/0.05  ■  0.60 
ana  aCl/Cu  *  0.11/0.07  *  1.57.  Surprisingly  though,  the  efficiency  of  SWB  with  the  higher  blowing  rate  was 
in  this  case  higher  than  the  efficiency  of  SWB  with  the  lower  momentum  coefficient.  Obviously,  if  one  is 
willing  to  pay  the  price,  SWB  can  Increase  the  maximum  lift  already  obtained  by  high-lift  devices,  but  at 
reduced  efficiency.  The  effect  of  blowing  over  the  wing  only  on  the  drag  polar  of  Configuration  B 
(Fig.  16)  is  similar  to  that  of  Configuration  A,  namely,  an  increased  lift  for  a  given  drag  or  a  reduced 
drag  for  a  given  lift. 

SWB  over  both  wing  and  canard.  Blowing  over  both  lifting  surfaces  Increased  the  lift  curve  slope  and 
the  maximun  lift  more  than  did  SWB  over  the  wing  alone  (Fig.  17).  With  a  total  jet-momentum  coefficient 

of  Cu  *  0.066  (C^  *  0.05  plus  C„c  -  0.016)  the  maximun-llft  coefficient  was  increased  to  C^  -  1.78 

with  an  efficiency  of  aC|/Cu  -  0.15/0.066  -  2.27,  and  with  Cu  *  0.092  (C^  -  0.07  plus  C„c  *  0.022) 

^Imax  was  Creased  40  1-91  with  an  efficiency  of  0.28/0.092  -  3.04.  This  is  also  surprising,  because 

not  only  was  the  efficiency  higher  with  the  higher  jet  momentum,  but  it  was  even  higher  than  it  was  with 
blowing  over  the  wing  alone  with  a  lower  jet  momentum  coefficient.  Figure  17  also  shows  the  direct  lift 
of  the  Jets  so  that  the  pure  aerodynamic  lift  increments  resulting  from  blowing  could  be  evaluated.  These 
were  aCi  *  0.11  and  0.21,  respectively,  for  the  above-mentioned  cases  with  thrust  removed  and 
aCL  -  0.15  and  0.25,  respectively,  with  thrust  Included. 

Figure  18  shows  the  Improvement  in  the  drag  polar  without  removing  the  thrust.  The  static  thrust  of 
the  jets  is  also  shown.  If  the  thrust  was  subtracted  fron  the  drag,  the  zero-lift  drag  would  be  slightly 
reduced  by  the  blowing  and  the  llft-to-drag  ratio  would  still  be  Improved  for  all  angles.  With  direct  jet 
contributions  Included,  the  llft-to-drag  ratio  for  Cq  -  1.0  was  increased  from  L/D  ■  1.58  to 
L/D  «  1.73  and  L/D  *  1.83  for  the  two  blowing  rates  presented.  At  the  maximum  lift  the  corresponding 
values  of  this  ratio  were  L/D  *  1.58  and  1.65,  respectively,  whereas  L/D  was  only  1.46  without  blowing. 

Lateral/directional  stability.  With  blowing  over  both  lifting  surfaces,  the  lateral/directional 
characteristics  of  the  configuration  had  to  be  tested  again.  As  was  the  case  with  Configuration  A,  SWB 
smoothed  the  curves  of  the  side  force  versus  yaw  angle  up  to  an  angle  of  attack  of  30°  (Fig.  19).  It 
maintained  a  monotonously  increasing  side  force,  apparently  by  preventing  asyimetric-vortex  breakdown  and 
local  separations  and  rapid  shifts  of  the  lateral  center  of  pressure.  The  SWB  lost  its  Influence  on  the 
side  force  only  at  a  *  35°. 

The  effect  of  blowing  on  the  yawing  moment  is  shown  in  Fig.  20.  Without  blowing,  the  configuration 
was  gradually  losing  Its  lateral  stability  at  lower  yaw  angles  when  the  angle  of  attack  was  increased 
(Fig.  20a),  until  at  a  •  25°  it  was  too  unstable  for  practical  purposes  (Fig.  20b).  SWB  Increased  the 
stability  at  the  lower  angles  of  attack  (Fig,  20a)  and  stabilized  the  configuration  at  a  *  25°  end  30° 
up  to  yaw  angles  of  30°  t  32°.  At  an  angle  of  attack  of  30°,  the  higher  blowing  rate  was  required  on  both 
wing  and  canard  for  stabilization,  but  even  this  rate  was  insufficient  for  stabilization  at  a  ■  35°.  In 
summary,  like  Configuration  A,  Configuration  B  was  also  limited  in  angle  of  attack  by  lataral/directional 


Instability  rather  than  by  stall.  Spanwise  blowing  Increased  the  flight  envelope  and  Improved  performance 
by  stabilizing  the  configuration  and  Increasing  the  available  lift. 

3.3  Comparison  of  SWB  with  the  Canard 

Figures  21  and  22  sunsarize  the  results  of  this  investigation.  Lift  and  drag  results,  with  and  with¬ 
out  the  canard,  are  compared  with  and  without  blowing.  All  the  results  are  with  thrust  removed.  Spanwise 
blowing  with  a  jet-momentum  coefficient  of  C„  ■  0.05  (a  lower  one  will  probably  also  do)  gives  about  the 
same  lift  characteristics  as  the  canard  (Fig.  21,  circles  vs  dashed  line),  both  in  lift-curve  slope  and  in 
maximum  lift,  and  with  a  much  lower  drag  (Fig.  22).  The  canard  increases  the  drag  for  a  given  lift  coef¬ 
ficient  whereas  the  SWB  reduces  it.  Furthermore,  while  SWB  can  be  turned  on  or  off  as  required  and  can 
thus  conserve  energy  during  most  phases  of  a  mission  profile,  the  penalty  of  Increased  drag  and  additional 
deadweight  of  the  canard  persists  throughout  the  flight  envelope,  even  when  the  canard  is  not  needed.  The 
lateral/directional  effects  of  SWB  are  also  much  better  than  effects  of  the  canard  (not  shown);  it  enables 
the  airframe  to  fully  exploit  its  maximum  lift  without  additional  stabilizing  aids  like  the  wing-leading- 
edge  sawtooth  or  the  mustache  on  the  Kfir-C2  aircraft.  The  lift  curve  and  drag  polar  of  the  close-coupled- 
canard  of  Configuration  B,  with  SWB  over  both  wing  and  canard,  are  shown  in  Figs.  21  and  22  for  overall 
comparison.  The  additional  gains  in  both  lift  and  lift-to-drag  ratio  are  Impressive. 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 

1.  Spanwise  blowing  on  Configuration  A  over  the  highly  swept  (60°)  delta  wing  with  a  conically  droop¬ 
ing  leading  edge  Increased  the  maximum  lift  and  the  slope  of  the  lift  curve.  The  efficiency  of  increasing 

the  maxlmun  lift  (5.60  for  Cu  *  0.05  and  4.29  for  Cu  =  0.07)  was  higher  than  previously  reported  for 

similar  delta  wings  (Ref.  21)  and  almost  as  high  as  efficiencies  found  on  the  moderately  swept  wings  (45° 
and  32°)  of  Refs.  8,  19,  and  20. 

2.  SWB  over  this  wing  significantly  Improved  the  lift-to-drag  ratio. 

3.  Asymmetric  blowing  did  not  pose  a  control  problem,  but  could  be  used  to  augment  the  roll  response 
of  the  aircraft. 

4.  The  efficiency  of  the  SWB  was  quadrupled  using  swirling  jets,  without  any  additional  penalty.  The 

use  of  swirling  jets  has  to  be  further  Investigated,  as  well  as  the  possible  use  of  more  than  one  jet  to 

improve  mixing  and  entrainment. 

5.  SWB  increased  the  lateral/directional  Stability  of  Configuration  A  at  low  angles  of  attack  and 
stabilized  It  In  Its  naturally  unstable  region  of  25°  <  a  <  30°,  thus  enabling  It  to  exploit  its  full 
maximum-lift  capability. 

6.  SWB  over  the  wing  of  Configuration  A  achieved  the  same  lift  augmentation  (thrust  removed)  as  did 
the  canard,  but  at  a  much  lower  drag. 

7.  SWB  on  Configuration  B,  over  the  wing  only,  further  Improved  both  the  lift  curve  and  the  drag 
polar,  but  at  a  lower  efficiency  than  with  SWB  on  Configuration  A  (without  a  canard). 

8.  SWB  on  both  wing  and  canard  of  Configuration  B  augmented  the  lift  and  improved  the  drag  polar 
more  than  did  blowing  on  the  wing  alone.  The  efficiency  of  SWB  over  both  lifting  surfaces  was  higher  than 
that  of  blowing  over  the  wing  only. 

9.  In  both  cases  of  blowing  on  Configuration  B,  the  blowing  efficiency  increased  when  the  jet  momen¬ 
tum  was  Increased,  contrary  to  past  and  present  experience  with  blowing  over  wings  alone. 

10.  Configuration  B  was  stabilized  by  SWB  up  to  high  yaw  angles  at  angles  of  attack  up  to  30°,  and 
could  therefore  use  the  maximum  lift  that  could  not  be  reached  previously  because  of  lateral/directional 
instability. 

11.  SWB  on  Configuration  B  has  to  be  investigated  In  high-subsonic-speed  flows  where  Ref.  20  reported 
lift  augnentatlon  of  the  order  found  in  the  low-speed  experiments.  Supercritical  transonic  testing  Is 
also  needed  to  find  out  If  the  same  blowing  system,  with  reasonable  momentum  coefficients,  could  achieve 
the  shock-induced-separation  control  reported  in  Ref.  24. 

12.  As  a  result  of  Erickson's  consents  (Ref.  23)  about  the  feasibility  of  practical  application  of 
SWB  with  engines  designed  for  high  bleed  rates  and  low  sensitivity  of  thrust  loss  to  engine  bleed,  and  the 
success  of  SWB  with  the  VEO-wing  concept,  further  investigation  is  recommended  concerning  the  possibility 
of  bleeding  the  engine  combustion  products  downstream  of  the  turbine  instead  of  bleeding  the  compressor 
air.  This  would  require  longer  and  heat-insulated  piping  but  will  affect  the  thrust  to  a  much  lesser 
degree.  The  hot  gases  may  also  be  used  to  preheat  the  fuel,  thus  compensating  for  the  remaining  thrust 
loss. 
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FLUID  DYNAMICS  PANEL 

Symposium  on  Aerodynamics  of  Vortical  Type  Flows 
in  Three  Dimensions 


Prof,  Young 

The  first  thing  I  would  lifcs  to  do  is  to  ask  Nr*  Jersuy  Suith  to  praaant  a  suMary  of  what  he  sees  as  the 
stain  highlights  of  the  Meting.  He  has  very  kindly  agreed  to  do  thia.  Then  we  will  open  the  discussion 
to  anyone  who  wishes  to  sake  any  particular  point  or  cosmbc  on  the  Meting  or  perhaps  ask  a  final 
question  of  any  of  the  lecturers  who  are  still  here. 

But  just  before  1  get  Hr.  Ssiith  to  speak,  I  would  like  to  show  you  a  viewgraph  which  was  given  to  m  by 
David  Peake;  which,  if  you  needed  any  justification  for  having  sat  here  for  several  days  and  listened  to 
the  various  lectures,  will  provide  that  justification. 
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What  thia  shows  is  a  breakdown  (they  call  it  a  breakout)  of  the  own  er  of  wiodtuMsl  teat  hours  devoted  to 
the  F16,  and  it  is  broken  down  according  to  various  aspects  of  the  Hew  fields.  You'll  see  seven 
different  aspects  which  were  considered,  of  which  the  three  saddle  me  ell  involving  vortex  flows  of  om 
kind  or  another.  The  different  shadings  as  yen  see  froa  the  hey  ruler  to  subsonic,  transonic  and 
supersonic  speeds.  Of  course,  the  transonic  regiaa  in  noet  eases  pla/s  a  very  deni  sent  pert.  But  the 
point  I  want  to  aake  is  that  those  three  central  bars,  referring  to  vertex  flew,  nixed  vortex  and  attached 
and  nixed  vortex  separated,  actually  ceepriee  half  the  total  windtwnr  l  test  hours  that  have  been  devoted 
to  this  aircraft.  So  the  importance  of  vortex  flows  in  the  flew  regin  s  of  Min  concern  is  very  clearly 
brought  out  by  this  chart.  How  1  will  ask  Jerenp  Snitb  to  give  you  his  views  as  to  ^et  are  the  Min 
points  that  have  eMrged  fron  this  nesting. 

Mr.  J.B.l.  Snith 
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Thank  you  Prof.  Young.  1  haven't  nade  a  great  attewpt  to  fish  out  what  »ssns<  to  be  the  really  nest 
important  things.  X  have  fished  out  the  things  that  sooMi  to  m  to  be  interesting  and  attractive.  Since 
1  have  to  write  a  technical  evaluation  report  later,  perhaps  I'll  try  and  attend  to  the  things  that  are 
really  inportant  in  that. 

Let  m  say  first  that  I  think  that  this  has  bean  a  very  successful  conference .  The  argonauts  eeenad  to 
start  quite  early  on  the  first  day  and  1  felt  at  the  tiM  that  that  ms  a  good  sign,  and  1  think  that  the 
sum  spirit  has  bean  kept  up.  We  were  very  well  served  by  at  toast  four  of  the  invited  speakers;  David 
Peake  produced  an  excellent  collection  of  pictures  to  rented  us  in  that  iaterMtioMl  pictorial  language 
what  it  ms  m  Mrs  hare  to  d issues.  John  LOMr  introduced  us  to  a  Mat  inpressive  voIum  of  work  which 
has  been  proceeding  recently  in  and  around  lung  ley,  such  of  which  ms  certainly  new  to  m.  Harry 
Hoe i jankers  gave  as  an  invigorating  gallop  over  the  extraerdiMrily  extensive  landscape  of  calculation 
Mthoda;  quite  dearly  the  collection  of  references  in  his  paper,  as  la  the  case  of  John  Lmr'i  paper, 
will  be  extroMly  useful  to  ewsryoM  in  the  field.  Sidney  Lsibovich  node  an  extroMly  gallant  atteapt  to 
encapsulate  the  essence  of  vortex  breakdown  in  40  ninnies. 

I  think  that  the  general  standard  of  presentation  was  good.  I  gesso  that  every  speaker  was  understood  by 
at  least  sousom  in  the  audisMa,  and  perhepo  a  few  people  nansgsd  to  understand  all  the  speakers.  1 

wasn't  among  than.  Ibe  slides  Mrs  good  on  the  whole,  and  of  course,  they  had  to  be  pretty  good  if  you 

Mrs  trying  to  read  than  off  the  soiling  or  off  the  hecks  of  the  heeds  of  the  people  in  (rent  of  you.  1 

think  that  m  should  be  very  grateful  to  all  our  speakers,  end,  of  course,  we  should  elee  he  very  grateful 

to  the  interpreters.  The  balance  between  presentations  and  questiees  was  also  good,  1  thought,  about 
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right.  A*  usual,  therm  wa«  e  lack  of  tine  for  discussion  oo  topics  which  had  baan  covered  by  «  group  of 
papers,  and  for  authors  and  questioners  to  express  second  thoughts  oa  subjects*  Host  of  us  will  have  had 
sotse  fairly  intensive  private  discussions  in  various  places  over  the  last  few  days,  the  only  tine  that  we 
have  a  chance  to  bring  out  the  results  of  these  discussions  is  when  I  stop  talking  in  a  ninute  or  two. 

So,  I  propose  to  stop  before  very  long  end  ask  you  to  continue  the  discussion.  Before  doing  that,  I  an 

supposed  to  rewind  you  a  little  of  what  has  happened.  As  I  say,  1  can  do  no  nore  than  draw  attention  to 
things  I  found  particularly  striking. 

First  of  all,  a  coaeat  about  topology.  Actually,  not  about  topology,  but  about  ny  assessnent  of  the 
value  of  looking  at  the  topology  of  different  sorts  of  streamlines.  First  of  ell,  conical  streanlioes 
only  exist  for  conical  flow;  obvious  statenent.  Body  and  vortex  sheet  are  streanlioes ,  the  streanlines 
tend  to  the  radial  direction  as  you  go  a  long  way  away  fron  the  body.  I  believe  conical  streenlinea  have 
sone  value.  Now,  about  cross  flow  streanlioes,  they  always  exist.  The  body  and  the  vortex  sheet  are  not 
usually  streanlines.  They  tend  to  the  vertical  direction  at  a  large  distance  fron  the  cross  section,  and 
ay  assessnent  is  that  they  have  oo  value,  Unfortunately,  David  Peake,  who  night  like  to  argue  the  points, 

has  left.  My  final  renark  is  that  any  topological  characterisation  of  the  fully  three^inensional  flow 

would  be  very  useful.  1  wish  Dr.  Vollners  and  his  colleagues  all  success. 

On  this  these  of  appreciating  the  structure  of  three -d inane ional  flows  there  is  no  doubt  that  technical 
developnents  have  helped  a  lot.  1  think  that  Dr.  Verhaagen's  work  with  the  laser  illuminated  smoke  was 
particularly  helpful.  Coaqmter  graphics  help  in  appreciating  numerical  results,  and  here  I  would  instance 
Dr.  Risti'e  contour  plots  in  their  correct  spatial  orientations,  and  Dr.  Hoeijmakers'  computer  animation 
of  his  calculations.  However,  technical  developments  also  sometimes  distance  us  from  what  is  really  going 
on.  1  felt  that  l  understood  more  of  what  Dr.  Strange  was  telling  us  about  trailing  vortices  from  the 
photographs  she  showed  than  I  did  fron  the  composite  picture  based  on  the  conditional  sampling  technique. 
The  second  example,  the  controversial  results  which  Dr.  Wendt  presented  on  compressible  leading  edge 
vortices,  seemed  to  ms  just  a  little  less  certain  because  of  the  laser  technology  which  was  involved  in 
obtaining  them.  The  same  sort  of  thing  applies  in  the  computing  field.  We  have  to  learn  whether  such 
things  as  artificial  viscosity  and  local  time  marching  are  or  are  not  coming  between  us  and  the  physics. 

I  think  that  we  were  all  impressed  by  the  agreement  between  the  vortex  breakdown  boundaries  which  were 
measured  and  computed  by  Messieurs  Del ary  and  Borowits.  After  the  session  on  vortex  breakdown,  1  felt  a 
little  confused  and  sought  reassurance  on  some  fundaamntal  points.  It  seems  to  be  agreed  that  breakdown, 
at  least  in  the  aeronautical  context,  is  still  an  inviscid  phenomenon.  The  frequent  appearance  of 
Reynolds  number  on  the  screen  in  the  course  of  the  presentation  seems  to  be  incidental  and  not  fundamental 
to  tha  subject,  it  also  seems  possible  that  unetaadinass  is  an  important  part  of  vortax  breakdown.  That 
seem*  significant  bacausa  we  ere  being  offered  calculations  by  time-dependent  Euler  methods  of  flows  over 
delta  wings,  and  one  could  imagina  a  situation  in  which  a  sufficiently  fins  mash  was  employed,  ao  that  the 
method  which  calculates  tha  development  of  tha  vortax  night  also  calculate  its  breakdown. 

TWo  things  stood  out  for  me  in  John  Lamer' s  paper.  First,  the  large  change  in  pressure  distribution  on 
the  TACT  F-lll  between  the  Reynolds  numbers  of  20  and  40  million.  Second,  the  appearance  of  the  two 
calculated  vortex  sheets  oa  the  double-delta  wing.  Dr.  Erickson's  paper  made  me  realise  how  far  we  still 
sre  from  explaining  tha  forces  and  nomanta  on  aircraft  at  high  angls  of  attack  in  tarns  of  fluid 
mechanical  ideas.  1  felt  a  little  more  hopeful  about  tba  missile  flow  fields  that  Mr.  Peckhan  presented. 

They  looked  hard,  but  not  impossibly  so.  I  was  intrigued  by  Dr.  Vollners*  displacement  tensor  and  his  use 

of  eigen-vectors  but  1  do  not  claim  yat  to  have  understood  it.  The  most  significant  thing  for  all  of  us 
is  probably  tha  emergence  of  methods  for  solving  tha  Euler  equations  which  represent  regions  of  vortical 
flow  over  wings.  These  regions  occur  where  we  should  expect  to  see  them  and  induce  surface  pressures 
which  can  be  like  those  measured.  What  we  need  to  see  is  that  the  results  are  reasonably  independent  of 
such  non-physical  parameters  as  mash  sise  and  artificial  viscosity.  We  also  need  to  convince  ourselves 
that  the  reduction  in  total  pressure  in  the  vortical  region  ie  not  important  or  else  find  ways  to  avoid 
it.  The  ideas  of  Dr.  Bteinhoff  for  incorporating  vortax  filaments  sod  particularly  vortax  sheets  into  a 
potential  flow  seam  vary  attractive.  Essentially  he  seems  to  have  managed  to  divorce  tha  vortax  elements 
from  tha  computing  grid.  1  hope  that  what  you  have  beard  this  morning  is  still  sufficiently  fresh  in  your 

memory  that  you  do  not  need  me  to  remind  you  of  it.  What  I  have  triad  to  do  is  to  remind  you  of  eosm  of 

tha  unresolved  questions  and  to  provoke  soma  discussion.  First  of  all,  does  anyone  feel  that  ha  has  an 
answer  to  any  of  tha  mysteries  that  have  been  exposed  to  us. 

Prof.  Young 

I  think  Jara^r  is  being  particularly  modest  in  not  referring  to  bis  own  excellent  review  peper;  1  will 
fill  that  gap  end  say  how  much  I  enjoyed  that  paper ,  and  I  am  sure  that  everybody  did. 

After  that  vary  pertinent  and  valuable  review  of  what  has  gone  on  in  tha  peat  few  days,  I  would  like  now 
to  have  any  questions,  coasots  or  contributions  from  you.  Has  anyone  got  any  point  that  they  wish  to 
make  or  comment  on  the  masting  as  a  whole? 

Sr.  Foil 

I  should  like  to  address  the  question  of  tho  F-lll  rosults  which  seem  to  hevo  impressed  you  oo  greatly. 
After  Mr.  Lamar's  paper,  1  did  comment  that  'you  pick  a  length  and  you  gat  a  Ryaaolds  number  -  if  you  pick 
a  length  which  ia  big,  you  gat  a  number  which  is  big.'  On  tha  F-lll,  tha  20  million  and  tba  40  million 
are  mean  chord  Reynolds  numbers,  had  they  taken  tha  fuselage  length,  than  >ou  could  have  had  00  million, 
which  ia  an  even  bigger  number!  However,  to  account  for  tha  disappearance  of  the  vortax  flow,  one  ought 
to  taka  a  Boynolds  mrnbsr  based  on  e  more  relevant  length  scale  -  such  at  the  leading  edge  diameter.  The 
tiny  picture  which  ia  ia  John  Lamar's  paper  just  gives  you  enough  information  to  make  some  estimates. 

Doing  a  quick  calculation  on  tha  back  of  an  envelope,  yon  find  that,  baaed  on  loading  edge  diameter,  tha 
Reynolds  numbers  era  1  t  10s  to  2  i  1(K  and  these  nenbers  lie  ia  tha  critical  region  for  tho 
three-dimensional  boundary  layer  trees it ion  mechanisms  with  Mich  some  people  will  be  familiar.  In  fact, 
they  precisely  bracket  tha  range  ia  which  transition  induced  scale  affects  are  known  to  occur.  Therefore, 
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it  ia  rwlly  of  no  surprise  to  at  that  if  you  switch  off  tho  primary  separation  shoot  for  any  reason,  thon 
tho  vortex  flow  immediately  collapses.  So  bo  vary  caraful  whan  you  define  Beynolds  maabers.  Some  of 
those  effects  are  boundary  layer  phenomena,  and  they  are  feeding  directly  into  shear  layer  phenomena. 

Mr.  J.H.B.  Snith 


Ian,  what  estinate  of  the  leading  edge  radius  did  you  use  to  make  that  estiaate  of  the  local  Reynolds 
number,  because  sons  people  hare  nay  know  what  it  is? 

Dr.  Poll 


It  is  on  the  picture  in  John  Lamar's  paper;  there  is  a  little  picture  of  the  leading  edge  radius  with  the 

pressure  distribution.  It  is  about  an  inch  if  I  nay  use  Inperial  terns. 

Dr.  McCroakoy 

That  is  a  good  point  that  has  just  been  node  about  not  necessarily  assuming  flows  are  at  high  Beynolds 
number  just  because  there  is  some  length  that  is  large  in  the  body  in  question.  On  the  other  hand.  I 
think  that  it  points  out  the  problems  that  one  night  encounter  in  trying  to  do  scale  models  of  this  sort 
of  flow.  Considering  the  sort  of  arguments  that  you  are  making  about  the  relevant  Beynolds  numbers 
obtained  in  the  aircraft,  think  what  these  values  must  be  in  the  small-scale  water  tunnel  end  wind  tunnel 

models.  Then  one  wonders  what  relevance  they  have  indeed  to  the  flight  measurements. 

Mr.  J.H.B.  Smith 

My  reaction  to  that  would  be  that  it  would  depend  very  much  on  what  sort  of  leading  edge  sweep  one  was 
dealing  with.  I  think  that  the  transition  phenomena  that  Dr.  Foil  was  talking  about  are  effecting  things 
on  rather  lower  angles  of  sweep,  perhaps,  than  a  lot  of  the  work  done  in  water  tunnels. 

Dr.  Human 


f: 


I  would  like  to  just  put  in  the  request  for  those  of  us  who  are  going  to  be  involved  in  the  computational 
activities  for  the  establishment  of  some  good  data  sets  for  comparison  of  computational  methods.  I  know 
the  delta  wing  which  Art  tissi  showed  has  been  selected  as  one  of  the  data  sets  for  the  ACABD  working 
group,  but  perhaps  there  are  others  that  people  would  like  to  suggest  that  will  help  ia  the  future  years 
sorting  out  and  validating  the  computational  methods. 

Mr.  J.H.B.  Smith 

Would  Dr.  Yoshihara  like  to  cosnmnt  on  that  as  Chairman  of  the  Working  Group? 

Dr,  Yoshihara 


I  think  that  with  perhaps  just  6  months  left  of  the  working  group.  I  certainly  would  not  ■ 
additional  models,  but  I  think  you  have  a  very  good  point;  we  really  lack  good  date  sets. 

Dr.  8chnidt 


Just  to  add  a  comant  to  what  you  mentioned  earlier  about  the  inviscid  behavior  of  the  vortex  breakdown. 

I  think  that  you  might  be  aware  that  at  the  AIAA  conference  in  January  we  gave  some  first  results  in  three 
dimensions  on  this  vortex  breakdown  pheoomsnon  based  on  the  Buler  solution.  In  this  case,  we  have  about 
100  points  on  the  surface  ia  x-direction  so  that  the  resolution  was  fairly  dense  in  the  x -direct ion,  but 
not  fine  enough,  we  must  admit,  to  give  definite  statements  in  the  other  direction.  So  there  ere  some 
first  indications  that  this  might  happen,  what  you  were  saying,  but  it  is  not  decisive  for  the  moment. 

Mr.  J.H.l.  Smith 

I  was  mentally  compering  the  sort  of  mash  that  you  have  in  three  dimensions  with  the  sort  of  mash  which  M. 
Do  lory  had  in  his  axi-synmstric  flow. 

Not  wishing  to  belittle  in  any  way  the  gallant  efforts  of  all  the  speakers,  but  there  ia  one  problem, 
which  is  a  very  practical  problem,  that  we  have  beard  nothing  about,  and  that  ia  what  the  criterion  ia, 
probably  in  terma  of  aeparatieo  line  aweep  and  other  conditions,  perhaps  Beynolds  number,  which  asperate 
the  regimes  of  ordered  vertex  flew  downstream  of  the  asperse  ion  from  chaotic  flow  with  high  buffeting 
levels. 


Mr.  J.B.B.  Smith 

It  would  be  a  rash  man  that  inserted  a  figure  at  this  moment,  wouldn't  it? 

Frof  ♦  Tounx 

The  papers  on  the  stability  and  breakdown  of  vortices  did  give  some  indication  of  criteria  that  are 
beginning  to  emerge.  I  agree  with  yon  that  I  don't  think  at  this  stage  one  could  any  that  there  was 
anything  that  clearly  would  be  applicable  ia  general  terns.  Ihe  available  criteria  would  be  applicable 
only  to  the  kind  of  vortices  considered.  Certainly  for  waxy  aeronautical  problems,  we  are  faced  with 
vertices  which  are  half  (nwraH  U  non  potential  flows,  ia  bits  of  boundary  layer  and  in  wider  ranging 
vortical  flows,  and  presumably  their  stability  and  breakdown  will  be  much  mere  complex  than  in  the  kind  of 
models  that  have  been  considered  so  far* 


I  don't  know  whether  Prof.  Leibovich  is  boro  to  odd  anything  to  that. 

Hovmr,  I  would  think  that  even  so  it  ia  worth  examining  tha  available  critoria  to  soa  whatbar  any  look 
relevant  to  tha  particular  problan  with  which  you  ara  concarnad. 

Dr.  Kecudiar 

I  would  lika  to  comnent  on  your  remark  about  tha  apparantly  uns toady  natura  of  aortas  braakdown.  Wa  have 
tha  view  that  aortas  braakdown  itaalf  ia  not  an  unsteady  phenomenon  since  tha  flow  d owns t re an  of  tha 
braakdown  regime  ia  subcritical,  it  can  support  waves.  Most  vortex  braakdown  flows,  especially  in 
asternal  situations  (flows  over  wings,  and  so  on)  find  theaselves  embedded  ia  flows  which  ara  highly 
turbulent.  Ibis  unsteadiness  can  propagate  through  tha  subcritical  flow  up  into  tha  braakdown  regiae  and 
give  tha  appearance  of  unsteadiness.  But  it  is  a  feedback. 

Mr.  J.H.B.  Smith 


1  don't  want  to  enter  into  an  argument  about  vortex  braakdown,  because  I  an  not  qualified,  but  Prof. 
Leibovich  did  suggest  that  the  unsteady  processes  downstraaa  of  the  braakdown  ware  perhaps  necessary  to 
establish  tha  energy  balance  of  these  upetreaa  aoving  disturbances.  1  think,  1  guess  like  no  at  of  the 
subject,  it  is  an  unresolved  question.  1  was  nerely  suggesting  that  if  we  didn't  find  it  in  a  steady 
calculation,  perhaps  we  should  not  be  too  downhearted.  Ha  should  introduce  tha  possibility  of 
unsteadiness,  and  I  was  associating  that  with  the  fact  that  a  lot  of  our  ealcuiationa  are  tine  dependent 
now,  sod  so  we  aught  have  this  advantage  for  nothing.  But,  I  certainly  take  your  point,  it  is  by  no  neans 
certain  that  it  is  necessary. 

Dr.  Richey 

There  are  a  couple  of  areas  that  1  don't  think  have  been  discussed  too  nuch  in  the  neeting.  They  night  be 
worthy  of  sons  consideration.  One  is  the  effect  of  stores  or  weapons  on  vortex  flows.  One  wonders  about 
the  contaninat ion  of  the  vortex  lift  on  the  upper  aurface  of  a  wing  due  to  unusual  shaped  store 
configurations  on  the  hot ton  of  the  wing.  The  paper  this  aoraing  by  Dr.  Kao  which  discussed  a  device 
which  stuck  out  in  front  of  the  wing  was  interesting  in  this  regard,  and  perhaps  turning  the  coin  around, 
one  night  be  able  to  configure  a  store  pylon  which  would  have  a  favorable  effect  on  vertex  flows.  In  the 
second  area,  concerning  cowbat  aircraft  which  manoeuvre  very  rapidly,  one  has  to  wonder  and  be  concerned 
about  hysteresis  effects.  Does  the  vortex  flow  reattach?  How  does  the  vortex  flow  set  up  as  the  pilot 
pitches  the  nose  around  at  30°,  40°,  50°  per  second  and  rolls  rapidly,  changing  and  pointing  the 
velocity  vector?  How  can  we  be  sure  that  these  nanoeuvres  are  controllable  and  useful?  High  lift  by 
itself  is  no  good  by  itself  unless  we  can  control  it  and  prevent  undesirable  flight  characteristics  such 
as  departure  and  spin.  I  think  that  the  research  should  give  sows  consideration  to  oscillatory  and 
dynamic  darivatives  as  we  pursue  these  very  interesting  effects. 

Mr.  J.H.B.  Smith 


1  think  that  that  is  a  very  real  point  and  a  real  warning,  because  it  is  not  easy,  in  fact  it  is  almost 
impossible,  to  check  these  dynamic  effects  in  wind tunnel  testing.  They  obviously  are  dependent  on  the 
particular  manoeuvres  that  the  aircraft  is  performing.  Even  if  you  can  reproduce  these  manoeuvres  in  the 
windtunnel,  there  are  still  far  too  many  of  them  to  cover  properly  in  a  systematic  series  of  tests.  That 
consideration  is  the  one  which  always  led  Dietrich  KHchemenn  to  insist  that  we  should  never  have  any 
unnecessary  pair  of  vortices.  He  would  always  say  that  one  pair  of  vortices  is  all  right.  If  you  can 
manage  to  get  what  you  need  with  one  pair  of  vortices,  then  don't  introduce  any  more.  I  think  that  it  is 
a  very  important  principle.  I  think  that  forebody  vortices  and  split  wing  vortices  represent,  in  the  end, 
trouble  from  just  these  issues  of  dynamic  stability. 

Prof.  Seginer 

I  just  wanted  to  add  to  Dr.  Richey's  cowsnt  that  as  far  as  I  know  the  only  program  to  test  that  was  the 
P4  with  blowing.  There  is  a  program  ongoing  at  Dryden,  except  that  I  understand  that  the  funding  of  that 
program  is  fluctuating.  Maybe  someooe  could  influence  the  authorities  to  posh  that  program. 

Mr.  J.H.B.  Smith 

Gould  we  return  to  science? 


Dr.  Hornuag 


I  would  like  to  ask  Jeremy  Smith  a  question.  Are  you  continuing  with  that  work  with  the  second  femily? 
Mr.  J.H.B.  Smith 

Hot  at  the  moment.  There  ia  nothing  going  on  at  present.  I  hope  to  get  somebody  else  to  continue  with 
the  work,  but  one  has  to  make  a  decision  in  the  light  of  the  situation  at  the  time,  and  1  would  be 
interested  ia  pursuing  it  in  any  way  that  wa  could. 

Dr.  Herman 


H«  would  also  be  interacted 


RTD-5 


Mr.  Bor* 


Dr.  Richey  has  introduced  the  topic  of  reel  thins*  on  reel  airplanes,  end  perhepe  I  would  like  to  cell  to 
the  ettention  of  the  worker*  in  thia  vortex  field  eoae  other  reel  thins*  on  which  perhepe  they  cen  produce 
so**  answer*  et  another  Met ing  in  the  future.  Such  thins*  ea  proper  rules  for  vortex  generator  arrays 
for  controllins  boundary  layers;  the  interaction  of  vortices  fro*  various  lead ins  odge  fences  which  can  do 
son*  nerve 1 lous  thins*  at  certain  tines,  only  we  are  not  quite  sure  bow  and  why.  Various  thins*  like  that 
could  aerit  some  attention.  Another  thins  which  struck  *e  during  the  neetins  was  the  absence  of 
discussion  of  one  thins  that  exercised  us  over  recent  years,  which  was  the  opposite  to  vortex  breakdown, 
that  is,  vortex  foraup  on  a  flow  going  into  air  intakes;  soaethins  which  I  was  address ins  v*ry  recently 
indeed.  It  is  a  strans*  thins  that  there  you  find  that  you  have  uniformly  distributed  vorticity 
approachins  your  air  intake  and  then  aasically  soaetiaaa  it  fora*  itself  up  into  a  discrete  vortex  which 
can  now  go  and  attach  itself  to  the  ground  and  throw  up  stones  which  might  enter  your  engine.  So  it  seem* 
to  as  that  that  is  very  auch  the  inverse  of  vortex  breakdown.  Anyway,  I  will  leave  those  thoughts  for 
future  workers. 

Prof.  Young 

It  is  almost  time  to  close  the  meeting.  £  would  just  like  to  add  one  coMBt  to  the  various  points  that 
have  been  raised.  I  hope  that  the  people  concerned  with  preparing  theoretical  models  of  these  complex 
flows  that  we  have  been  considering  will  try  as  hard  as  they  can  to  bring  in  viscous  effects  because  their 
absence  seems  to  me  to  be  a  major  weakness  of  many  of  the  theoretical  computing  methods  that  have  been 
developed  to  date.  He  saw  how  important  secondary  separations  were,  but  they  could  not  be  modelled  or 
were  not  modelled  in  the  inviscid  pictures  that  we  were  presented  with. 

Nonetheless,  l  think  that  this  meeting  has  been  a  very  valuable  one,  and  judging  by  your  response,  it  has 
excited  your  interest  continuously.  As  Chairman  of  the  Program  Committee,  1  would  like  to  say  bow  auch  I 
enjoyed  the  meeting  and  how  grateful  I  am  to  the  various  people  who  presented  papers,  in  particular  those 
who  presented  the  key  review  papers,  including  Jeremy's  final  staining  up  which  you  have  just  heard.  1 
will  hand  over  now  to  M.  Moaner ie,  the  Chairman  of  the  Panel. 

M.  Monnerie 

I  would  not  like  to  prolong  this  session  which  has  already  been  a  lengthy  one,  and  I  do  not  want  to  delay 
those  of  you  who  have  trains  and  planes  to  catch.  Bowever  there  are  two  things  that  remain  to  be  done 
before  I  release  you.  I  would  like  first  to  give  our  thanks  to  all  those  who  have  put  in  all  their 
efforts  for  the  symposium  to  occur  in  the  best  of  conditions  and  to  be  a*  interesting  as  possible: 

-  First  of  all,  our  Dutch  hosts  and  especially  Prof.  Gerlach  who  welcomed  us  on  Monday  morning;  the 
coordinator  Mr.  Bleaker  and  hia  secretary,  Mrs.  Fadeggon. 

-  Then,  for  the  scientific  part,  the  Program  Committee  and  its  Chairman  Prof.  Young,  the  authors  and  the 
lecturers. 

-  The  people  who  helped  us  solve  our  coaanraication  problems,  the  interpretors  and  technicians  in  charge  of 
the  sound  equipment. 

-  Lastly  the  one  who  is  the  central  point  for  the  work  of  the  Fluid  Dynamics  Panel.  Mr.  Rollina,  with  his 
secretary  Miss  Rivault,  has  succeeded  in  optimising  a  system  whose  operation  is  even  more  cMplex  and 
unpredictable  than  a  vortex  system  created  by  a  high  angle  of  attack  plane,  end  we  owe  very  much  to  him. 

The  second  thing  I  have  to  do  is  to  give  you  a  few  indications  on  the  future  activities  of  the  Fluid 
Dynamics  Panel. 

As  regards  the  year  1933,  1  would  like  to  mention  first  briefly  the  lecture  series  organised  next  week  at 
the  von  Karmen  Institute  on  the  problem  of  transonic  Aerodynamic  Interactions.  It  will  convene  about  10 
international  experts  and  ought  to  be  very  interesting.  It  will  also  be  given  from  the  16th  to  the  20th 
May  in  the  U.8. 

Then  at  the  end  of  September  in  Turkey  we  will  have  our  Autumn  meeting  with  a  Symposium  on  Windtunnels  and 
Test  Techniques.  The  program  has  just  been  published  end  is  available  at  the  desk  when  you  go  out  of  the 
room* 

I  would  like  to  mention  to  finish  with,  that  from  the  10th  to  the  13th  of  October  1933,  there  will  be  a 
symposium  organised  in  Brussels  by  the  Flight  Mechanics  Panel  on  the  Technology  for  Supersonic  Cruise  and 
Manoeuvre,  and,  of  course,  a  lot  of  aerodynamics  will  be  discussed  in  that  syposium. 

A a  regards  1934,  the  Fluid  Dynamics  program  will  be  the  following: 

-  from  the  26th  to  30th  March  at  the  von  Karmen  Institute;  lecture  series  on  Stability  and  Control  of 
Laminar  Flows, 

-  fro*  the  14th  to  the  13th  May  at  von  Kerman  Institute  and  the  4th  to  the  8th  of  June  at  NASA,  Ames,  a 
series  of  conferences  on  VSTOL  Aerodynamics, 

-  from  the  21st  to  the  24th  of  May  in  Brussels,  a  8y^osiua  on  the  Improvement  of  Aerodynamic  Performance 
through  Boundary  Layer  Oootrol  and  High  Lift  Devices. 

•  Finally,  from  1st  to  4th  October,  in  Toronto  Canada,  a  Symposium  on  Aerodynamics  and  Acoustics  of 
Propallors. 

This  tins  I  have  really  finished  with  my  closing  words,  and  I  would  like  to  say  goodbye  and  have  a  nice 
trip  bone  and  I  hope  to  meet  you  at  one  of  the  events  that  I  have  just  nsutiooed.  I  declare  this  meeting 
closed. 
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such  flows  and  the  scope  of  current  research  in  five  main  session:  I  -  Fundamentals,  Genera¬ 
tion  and  Structure  of  Vortical  Flows;  II  -  Interaction  of  Vortical  Flows  with  Surfaces; 

III  -  Modelling  and  Computing;  IV  -  Stability  and  Breakdown  of  Vortical  Flows;  V  -  Con¬ 
trol  and  Exploitation  of  Vortical  Flows. 
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